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Referat (abstract): 
This thesis is devoted to the fabrication, optical characterization and switching 
behaviour of the prototypical chalcogenide-based phase-change material Ge2Sb2Te5, 
which is employed in non-volatile optical and electrical data storage devices. While 
common studies on conventional memory applications of Ge2Sb2Te5 are based on 
reversible amorphous to polycrystalline phase transitions, this thesis particularly focuses 
on the use of Ge2Sb2Te5 thin films of epitaxial, single-crystalline like nature aiming to 
gain deeper insights into structure-property correlations and novel switching pathways. 
The first part of this thesis deals with the growth of epitaxial Ge2Sb2Te5 thin films on 
Si(111) substrates by pulsed laser deposition with strong emphasis on controlling the 
degree of structural order in the thin films resulting from the distribution of intrinsic 
vacancies in the crystalline state of the material. As a result, highly vacancy-ordered 
epitaxial Ge2Sb2Te5 thin films in the thermodynamically stable as well as in the 
metastable crystalline phase are obtained, possessing a pronounced nanostructuring due 
to periodically spaced Van-der-Waals gaps or vacancy layers. Besides that, epitaxial 
Ge2Sb2Te5 thin films with complete disordered vacancy distributions are realized. Based 
on the achieved single-phase quality of the epitaxial thin films, a classification of the 
optical property contrast of different crystalline Ge2Sb2Te5 phases with respect to their 
vacancy ordering is presented. Beyond that, the impact of vicinal substrate surfaces on 
the phase, structure as well as on surface pattern formation in epitaxial Ge2Sb2Te5 thin 
films is investigated.  
The second part of this thesis employs epitaxial Ge2Sb2Te5 thin films as a model system 
to follow ns-laser induced structural modifications ranging from reversible crystalline to 
amorphous phase transitions to interface assisted epitaxial recrystallization processes. In 
particular, by applying single ns-laser pulses to the thin films, the transition from the 
vacancy ordered stable to the vacancy disordered metastable crystalline structure of 
Ge2Sb2Te5 via a transient molten phase is realized while the epitaxial nature of the thin 
films is preserved. This transition mechanism provides access to ultrafast crystal growth 
dynamics in an epitaxial phase-change material thin film model system offering the 
advantage of high crystalline quality and application-relevant sizing. By introducing a 
method that combines time-resolved reflectivity measurements with high resolution 
scanning transmission electron microscopy, crystal growth velocities upon fast cooling 
after single ns-laser pulse irradiation are determined. As a result, an increase in crystal 
growth velocity from 0.4 to 1.7 m/s with increasing laser fluence is observed with the 
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Driven by digitalization, the global amount of generated, stored and replicated data is 
increasing dramatically [1]. Besides large local and cloud based data centers, billions of 
devices at the periphery of the network such as mobile phones and PCs become more 
and more crucial. Presently, however, fast computing systems are significantly 
hampered by their working memory during data-centered tasks which motivates serious 
efforts to develop novel types of memories. A promising contender to establish a 
universal memory that will shape next-generation non-volatile data storage technologies 
is the phase-change memory (PCM) technology [2, 3]. Being already shipped as storage 
class memory, PCM currently bridges the access time gap between memory, such as 
Dynamic Random Access Memory and storage, such as Solid-State Disk [4, 5]. In 
perspective, however, PCM holds the potential to replace both last-mentioned memory 
types by merging their advantages. Yet, on the way towards successful 
commercialization, crucial aspects like energy consumption, data retention, memory 
writing times and resistance drift need to be addressed [6]. 
The operation of a PCM cell is based on the fast and reversible switching of a phase-
change material between a highly conductive/reflective crystalline and lowly 
conductive/reflective amorphous phase [7]. Decisive for which phase is set is the length 
and the intensity of the applied optical or electrical switching pulse, causing Joule 
heating which either crystallizes or melt-quenches the material. Hence, an evident way 
to minimize the energy consumption of PCM is to use thermally optimized cell designs 
as well as reduced and nanostructured volumes of phase-change material [8-10].  
In terms of data retention, a high thermal stability of the amorphous phase at the 
operation temperature of the memory device is necessary in order to avoid unwanted 
crystallization to occur. This can be achieved by a suitable choice of the composition of 
the phase-change material or nanoscale confinement influencing the crystallization 
temperature [11-14]. Nevertheless, for an efficient application, the phase-change 
material should crystallize rapidly at temperatures being not too high. Here, the high 
fragility (characterizing the temperature dependence of the viscosity) of the phase-
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change materials is of advantage, causing the dynamics to drastically decelerate when 
the material is cooled down from the melting point to the glass transition temperature 
[15-18]. Besides that, a resistance drift of the memory cell due to structural relaxations 
of the melt-quenched amorphous phase can cause the loss of data over time (e.g. due to 
defect annealing or stress relaxation) and must be counteracted by increasing the rigidity 
of the amorphous network [19-22]. 
A particularly future-oriented aspect of PCMs is the possibility to store multiple bits per 
cell which elegantly increases storage density, lower the costs per bit and furthermore 
enable brain inspired computation [23, 24]. Conventionally, multilevel storage in PCMs 
is realized by controlling the amorphous to crystalline fraction of the phase-change 
material within the memory cell which defines the cell’s resistance level. Utilizing 
multiple resistance levels per cell, however, means that the property contrast between 
the individual (neighbouring) levels is reduced and phenomena reducing the accuracy of 
data encoding such as the resistance drift of the amorphous phase become serious 
problems [25, 26]. A route to bypass this issue may exploit the presence of intrinsic 
vacancies within the crystalline structures of relevant chalcogenide phase-change 
materials such as Ge2Sb2Te5 (GST) [27]. These alloys show vital differences in 
conductivity and reflectivity in the crystalline phase depending on the distribution of the 
vacancies and the accompanied degree of structural order [28-32]. Consequently, 
controlling the vacancy distribution in crystalline GST would represent an alternative 
way to realize multilevel data storage [33]. 
Alongside all these opportunities and challenges of the PCM technology, an essential 
task which mainly depends on intrinsic properties of the phase-change materials is 
reducing memory writing times, which are presently limited by the crystallization rate. 
Here, a promising approach is alloying exemplary phase-change alloys lying along the 
pseudo-binary Sb2Te3-GeTe tie line with transition metals like Sc or Ti to generate 
stable crystalline precursors in the amorphous matrix shortening the incubation period 
[34-36]. This strategy, however, could become problematic when the memory cell size 
is drastically scaled down to just a few nanometers due to local deviations in 
composition after multiple switching [14]. An alternative route to accelerate PCM 
operation was found by Loke et al. who suggested the application of preprogramming 
pulses in order to induce pre-structural ordering facilitating nucleation during actual 
switching [37]. Nevertheless, preprogramming requires time and additional energy. 
Relying on a significantly different approach, Simpson et al. proposed to increase the 
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speed of PCM by merging thin layers of Sb2Te3 and GeTe together, forming a 
superlattice-like structure, which confines the switching process to the interfaces 
between the individual layers and hence minimizing entropic losses [10]. In these 
superlattices, however, intermixing between individual layers is regularly observed, 
posing the question on its impact on the switching properties [38, 39]. Besides 
preprogramming, doping or employing chalcogenide based heterostructures, 
improvements in crystallization speed can also be achieved by taking advantage of 
interface assisted crystal growth along a preferred crystallographic direction. This 
approach allows to bypass the time-lag originating from the incubation period during 
nucleation [40, 41]. Recently, it was predicted, that designing the crystallization in a 
way that combines enhanced nucleation by doping with fast crystal growth from planar 
interfaces could break the current speed record of PCM [42]. Therefore, serious efforts 
have been made to capture the crystal growth kinetics of Ge-Sb-Te-based materials [15-
17, 40, 43-55]. In particular, recent studies based on ab initio molecular dynamics 
simulations and ultrafast differential scanning calorimetry DSC predict a maximum 
crystal growth velocity of pure Ge-Sb-Te alloys ranging between 1.5 and 2.8 m/s [17, 
47]. However, experimental studies on application relevant length and time scales are 
still a challenging endeavour and only few studies exist capturing the crystal growth 
kinetics in real PCM cells and at temperatures where the highest crystallization rates are 
found [15, 45, 49].  
Overall, further studies are required to explore the switching capabilities of phase-
change materials in order to identify intrinsic limits and develop strategies to enhance 
memory performance. To address this task, a promising approach is expected to be 
based on the use of phase-change material thin films of epitaxial nature. However, there 
exist only very few studies with an epitaxial thin film based approach, although in the 
case of GeTe/Sb2Te3 based superlattices a textured structure that defines clear interfaces 
between the individual layers is regarded as performance-relevant [56-58]. Therefore, 
this gap of knowledge is promising to explore, considering that epitaxial thin films offer 
the advantage of high crystalline quality, enhanced material properties and application-
relevant sizing. In addition, the epitaxy-approach provides precise control of small 
structural details of GST which enables following induced structural changes during the 
switching procedures with great accuracy. This becomes particularly important 
considering that upon switching of GST, intracrystalline phase transitions can occur 
requiring detailed structural analysis to be identified [10].  
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1.2 Aim of the thesis 
The aim of this thesis is to provide fundamental insights into novel approaches to 
improve the application of Ge-Sb-Te-based phase-change materials in non-volatile data 
storage. For this purpose, epitaxially grown thin films of the prototypical phase-change 
material GST will be employed to (i) deepen the understanding of application-relevant 
structure-property correlations and to (ii) serve as well-defined model systems to study 
structural transformation processes beyond traditional amorphous to polycrystalline 
phase transitions. 
The growth of the epitaxial GST thin films will be realized by pulsed laser deposition 
on technologically relevant silicon substrates putting primary emphasis on achieving 
high phase purities. Then, based on detailed structural characterizations of the prepared 
GST thin films regarding their crystalline phase, texture and degree of vacancy 
ordering, a relationship is to be established between the structural and optical properties 
of the thin films. Relying on this refined correlation between structure and properties, 
another key aspect of this thesis will be devoted to the switching behaviour of the 
epitaxial thin films. Here, the realization of rapid and reversible structural changes by 
short optical pulses will be pursued, aiming to elucidate optimized switching pathways 
and capabilities. Alongside this objective, the underlying switching mechanisms shall be 
determined and quantified with regard to application-relevant parameters.  
Conclusively, the major goal of this thesis is to exploit the enhanced control of the 
structure of GST thin films due to their epitaxial growth in order to systematically 





2.1 Phase-change storage principle 
Key feature of the PCM technology is the use of a phase-change material which can be 
rapidly switched between its amorphous and crystalline phases by applying suitable 
electrical or optical pulses [2, 7, 59]. By exploiting the high contrast in optical 
reflectivity as well as in electrical conductivity between the amorphous and crystalline 
phases, stored information represented by the state of the material can be read out 
optically or electrically. In Figure 1, a scheme of the switching procedure in PCMs is 
illustrated. The RESET operation is achieved by applying an intense and short laser or 
electric current pulse heating the crystalline material above the melting point (typically 
900 - 1000 K). Subsequently, the material rapidly cools down due to the abrupt decay of 
the energy pulse and will quench into the amorphous phase. This operation can be 
realized within several picoseconds [60]. In contrast, the SET operation is realized by a 
longer and less intense laser or electric current pulse which heats the material above the 
crystallization point (typically 400 K – 600 K) causing it to recrystallize. The current 
time record for the SET operation is 0.7 ns [35]. Nevertheless, during operation of a 
PCM, the crystallization process is still the most time consuming process. In terms of 
energy consumption, however, the RESET operation requires more energy since the 
material must be heated up above the melting point. 
 
 
Figure 1: Switching scheme of PCM. The phase change material is reversibly switched 
between the amorphous and the crystalline phase by suitable electrical or optical pulses 
of varying intensity. Image extracted from reference [61]. 
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2.2 Structure of the crystalline phases of GST 
Throughout this thesis, the phase-change material of choice is the chalcogenide 
compound Ge2Sb2Te5 (GST) which lies on the pseudo-binary tie line of GeTe-Sb2Te3 in 
the Ge-Sb-Te phase diagram and exhibits a good balance between crystallization speed 
and thermal stability  [62]. Generally, crystalline GST exists either in a thermally stable 
trigonal phase (t-GST, space group P-3m1, a = 0.422 nm and c = 1.728 nm), consisting 
of distorted rocksalt-type building blocks of nine alternating Te and intermixed Ge/Sb 
layers separated by Van-der-Waals (VdW) gaps, or in a metastable cubic phase (c-GST, 
space group Fm-3m, a = 0.6 nm) with a distorted rocksalt like structure in which the Te 
atoms occupy the anion sites, whereas the cations sites are randomly occupied by 40% 
Ge atoms, 40% Sb atoms and 20% vacancies [63, 64]. Besides that, it must be 
mentioned that recent advances in scanning transmission electron microscopy of 
annealed and epitaxially grown GST thin films have revealed another crystalline phase 
of GST in which the vacancies are ordered into vacancy layers (VLs) on the {111} 
planes, without exhibiting the structural relaxation required to form the stable trigonal 
phase [31, 65-70]. This structure was identified by first-principles calculations to be the 
lowest energy structure for the metastable phase of GST and will be referred to as 
vacancy ordered GST (vo-GST) in this thesis [71]. In the crystalline Ge-Sb-Te phases, 
the Ge and Sb atoms are off-centred within of idealized Te(GeSb)6 octahedrons. 
However, the degree of such distortions of the crystal lattice depends on the amount of 
vacancies on the cation sub-lattices [72]. Ge-Sb-Te materials with higher concentration 











Figure 2 illustrates the crystal structures of the above mentioned three crystalline phases 
of GST with the corresponding unit cell drawn in black. The vertical direction 
represents the growth direction during epitaxial deposition. 
 
 
Figure 2: Crystal structure of (a) c-GST viewed along the [1-10] direction with the 
vertical direction constrained along the [111] direction, (b) vo-GST and (c) t-GST both 
viewed along the [110] direction with the vertical direction along the [001] or [0001] 
(using the notation of hexagonal systems) direction, respectively. The vertical direction 
is the direction of growth during epitaxial deposition. In (b) and (c), horizontally 
aligned vacancy layers (VL) and Van-der-Waals (VdW) gaps are indicated by red 









2.3 Optical and electrical properties of GST 
2.3.1 Optical properties 
The optical and electrical property contrasts between different phases of GST are 
essential criterions for its application. However, despite serious efforts to understand the 
origin of this property contrast, a conclusive concept is not yet developed [27, 73, 74]. 
Recently, it was proposed, that driven by structural disorder, a change in chemical 
bonding (from metavalent to covalent bonding) occurs which strongly affects the optical 
constants and the electrical transport properties of the material [73, 75-78]. The 
metavalent bonding might therefore represent a unique fingerprint identifying phase-
change materials and could further lead to a clear characterization of the material class. 
Nevertheless, the model still has to mature and find acceptance. One of the big 
challenges when describing phase-change materials comprehensively is to not only 
consider the optical and electrical property contrast but also to take the unique kinetic 
properties of the material into account. Particularly, the material is stable for decades at 
room temperature but crystallizes within nanoseconds at only slightly increased 
temperature. 
 
Figure 3: (a, b) Optical constants n and k and (c) absorption coefficient α of 
amorphous, cubic (FCC) and trigonal (hexagonal) GST. Data extracted from reference 
[79]. 
In Figure 3, the optical constants n and k and the absorption coefficient α of GST in the 
amorphous, cubic and trigonal phase are shown [79]. The measurements demonstrate 
the significant differences in the optical constants in the visible range especially 
between the amorphous and crystalline phases of GST. This leads to the large 
reflectivity contrast typically used for optical data encoding. Interestingly, in Figure 3, 
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also differences in optical properties between the cubic and the trigonal phase of GST 
occur. These differences could be attributed to a different degree of ordering of intrinsic 
vacancies and will be examined in more detail throughout this thesis. Therefore, the 
dielectric function ε of the fabricated GST thin films is analysed, since ε provides a 
complete and quantitative description of the optical properties of a material. It 
characterizes the response of a material to an external field ?⃗?  of a given frequency. The 
induced dielectric polarization density ?⃗?  is linked to the electric field by the electric 
susceptibility χ by: 
?⃗? = 𝜀0𝜒?⃗? , 
where 𝜀0 is the electric constant (or vacuum permittivity). This relation can be used to 
derive the following dependency of the electric displacement ?⃗?  on the electric field: 
?⃗? = 𝜀0?⃗? + ?⃗? = 𝜀0ε?⃗?  
with ε = 1 + χ. Note that nonlinear effects are ignored, here. In general, ε = 𝜀1 + 𝑖𝜀2 is 
a complex number and can be used to obtain the complex refractive index ?̃? = 𝑛 + 𝑖𝑘 
by the following relationship:  
𝑛 = √𝜀 
In order to identify ε, physical models for the interaction of electromagnetic waves with 
the solid are introduced such as harmonic oscillators describing dipol formation due to 
displacement of electrons with respect to the atomic nucleus by the electric field. 
Solving the corresponding differential equation of the oscillator for the displacement 
𝑥 (𝑡) allows to determine the generated dipole. By considering the density of these 
dipoles in the solid, the dielectric polarization density is finally obtained.  
Overall, the models can be ascribed to different optical interactions of the solid with the 
light in different spectral regions such as generation of phonon modes or interband 
transitions. Detailed information on these interactions can be found in various textbooks 
[80, 81]. 
In this thesis, the dielectric function of GST for photon energies ranging from 0.73 eV 
up to 5 eV is determined (see section 4.3.2). Hence, the spectral range from the near 
infrared to the visible to the ultraviolet range is covered. This implies that phonon 
excitation does not need to be described by the dielectric function since in GST the 
highest phonon modes are around 0.025 eV [82, 83]. In contrast, a significant 
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contribution to the dielectric function can be expected from interband transitions of 
valence electrons since the employed photon energies exceed the optical bandgap. The 
bandgap of GST is ~ 0.5 eV for the crystalline phase and ~ 0.7 eV for the amorphous 
phase [79]. To describe these interband transitions a Tauc-Lorenz oscillator is used. To 
take the influence of the increased number of free carriers in the crystalline phase of 
GST into account, a Drude oscillator is added. Finally, a constant is added to account 
for the polarizability of core electrons and the high frequency limit. 
𝜀𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 = 𝜀𝑐𝑜𝑛𝑠𝑡. + 𝜀𝑇𝑎𝑢𝑐−𝐿𝑜𝑟𝑒𝑛𝑧 
𝜀𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 = 𝜀𝑐𝑜𝑛𝑠𝑡. + 𝜀𝑇𝑎𝑢𝑐−𝐿𝑜𝑟𝑒𝑛𝑧 + 𝜀𝐷𝑟𝑢𝑑𝑒 
The two models above have so far been successfully used in literature to describe the 
dielectric function of GST and will be applied in this thesis in section 4.3.2 [76]. 
  
2.3.2 Electrical properties 
In Figure 4, temperature dependent resistance measurements of GeSb2Te4 are shown. 
 
Figure 4: (a) Temperature dependence of the sheet resistance of GeSb2Te4 on annealing 
and subsequent cooling to room temperature. (b) Temperature dependence of resistivity 
of annealed GeSb2Te4 films between 5 and 300 K. Upon transition from cubic to 
hexagonal phase, a change in temperature coefficient of the resistivity (TCR) occurs 
indicating a transition from non-metallic (TCR > 0) to metallic (TCR < 0) behaviour. 
Measurements extracted from reference [28]. 
The results clearly demonstrate the large resistance contrast between the amorphous and 
the crystalline phases of more than five orders of magnitude. Further, the impact of 
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structural (vacancy) disorder in the crystalline structure on the electronic transport 
properties is revealed: Upon annealing of the cubic phase, the intrinsic vacancies begin 
to accumulate into periodically spaced VLs. Analysing the slope of the resistivity in 
Figure 4 for differently annealed thin films shows a transition in transport behaviour 
reflected by the change in sign of the temperature coefficient of the resistivity (TCR). In 
detail, the random distribution of vacancies in the cubic phase induces carrier 
localization effects, whereas the ordered arrangement of vacancies into VLs leads to 
carrier delocalization which ultimately triggers an insulator to metal transition 
(Anderson type). Note that GST with 2:2:5 composition shows an analogue transport 
behaviour. GeSb2Te4, however, has a slightly higher vacancy concentration and thus 
proves to be more suited to investigate vacancy-induced effects [33].  
Conclusively, controlling the vacancy arrangement in crystalline GST and the 
accompanied electron localization effects allows to fine-tune electrical and optical 
properties of the material which ultimately expands the potential of GST for promising 
applications such as multilevel data storage. 
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3 Experimental methods 
3.1 Pulsed laser deposition 
Pulsed laser deposition (PLD) is a flexible physical vapour deposition technique that 
enables the growth of thin films and multilayers of complex stoichiometry [84]. For 
deposition, a pulsed laser beam is focused onto an ablation target which is situated 
inside a vacuum chamber. If a material-specific power density of the laser beam in the 
surface region of the target is exceeded, ablation occurs, where material is expelled 
from the target surface. During this process, the ablated and partially ionized material 
forms a plasma plume directed towards the substrate with a spatial distribution 
described by cos
n
α (4 < n < 20) [85]. The species in the plasma plume typically possess 
kinetic energies ranging from one to around hundred eV with a maximum at ~200 eV 
[86]. The ablated material finally condenses on the substrate and generates a thin film. 
 
 
Figure 5: Scheme of PLD setup. Image extracted from reference [61]. 
In this thesis, PLD is used to deposit epitaxial GST thin films on Si(111) substrates. 
Figure 5 shows a scheme of the PLD setup. In detail, a KrF excimer laser with 248 nm 
wavelength, 20 ns pulse duration and 2 Hz repetition rate is used to ablate a Ge-Sb-Te 
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compound ablation target with a 2-2-5 stoichiometric composition. The pulsed laser 
beam with a pulse energy of 160 mJ is focused by a plano-convex lens onto the surface 
of the target resulting in a laser fluence of ~0.7 J cm
-2
. The base pressure of the 
deposition chamber is 1.3 x 10
-8 
mbar and a constant flow of Argon is introduced to 
moderate the kinetic energy of the ablated species. Details on the mass spectrum of the 
species in the plasma plume during PLD of GST thin films can be found in the work by 
Wagner et al. [87]. The distance between target and substrate is set to 6 cm. In order to 
obtain epitaxial thin films, the Si(111) substrates were dipped into buffered HF acid to 
remove the native oxide prior to deposition of the films. However, in the case of 
polycrystalline films to be grown, the native oxide is not removed. During the 
deposition, the substrates are kept at a chosen constant temperature (typically between 
100 and 300 °C) which is controlled by using a calibrated non-contact thermocouple. 
The as-grown films are finally capped with a LaAlOx (LAO) layer of ~5 nm thickness 
to protect the GST surface against oxidation. However, for optical pump-probe 
experiments directly performed after deposition (see chapter 4.4), the GST thin films are 
not protected by a LAO layer to exclude any influence of the capping layer. 
3.2 Pump-probe setup for optical switching experiments 
Structural changes in the epitaxial GST thin films are induced by applying ns-laser 
pulses of 248 nm and 20 ns pulse duration. Figure 6 contains a scheme of the irradiation 
setup. To monitor the changes in reflectivity during optical switching of the GST thin 
films, a diode laser of 633 nm operating in CW mode is used as a probe source which is 
directed onto the thin film surface. The reflected probe laser beam is detected by a Si 
photodiode and processed with a digital oscilloscope. Simultaneously, the ns-laser pulse 
is detected by a second photo diode serving as a trigger signal. The time resolution of 
the setup is 2 ns. The spot size of the pump ns-laser beam on the surface of the thin 
films is approximately 0.03 cm². In the case, the reflectivity is not monitored during the 
switching experiment the spot size of the laser beam on the thin film surface is 
expanded to approximately 5 x 10 mm
2
 to enable further investigations that require 
larger volumes of material (e.g. x-ray diffraction analysis). 
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Figure 6: (a) Scheme of irradiation setup using a pump excimer laser with 248 nm 
wavelength and 20 ns pulse duration. (b) Image of GST thin film irradiated at different 
positions. One of the irradiated areas is marked by a red circle.  
 
3.3 X-ray diffraction  
In order to study the crystalline structure of the GST thin films, the interaction between 
x-rays and the crystal lattice is used, with x-ray diffraction (XRD) being the key 
analysis method. For this purpose, a specific wavelength (Cu Kα radiation: wavelength λ 
of 0.15418 nm) lying in the order of the crystal lattice constant is chosen in order to 
draw conclusions about the atomic arrangements of the crystalline films from the 
observed diffraction features. 
The x-rays are generated in a x-ray tube consisting of a tungsten cathode and a copper 
anode which is situated in a diffractometer used for the XRD studies. By employing a 
parabolic multilayer mirror (so-called Göbel mirror, used for creating a parallel x-ray 
beam), width- and height-limiting slits, Soller collimators and monochromators, the x-
ray beam is monochromatized and directed towards the sample holder of the 
diffractometer where it is diffracted and finally detected by a point detector. A 
goniometer ensures the movement degrees of freedom of the x-ray source, sample 
holder and detector to meet the desired diffraction geometries and measurement modes.    
In order to finally observe constructively interfering x-rays diffracted by the crystalline 
content of a sample, the well-known Bragg condition 2dsin(θ)=nλ needs to be fulfilled. 
 
15 Experimental methods 
Here, d represents the lattice spacing of the lattice planes at which the x-rays are 
diffracted. n is the diffraction order and θ the angle of the incident x-ray beam with 
respect to the lattice planes. This condition allows to correlate measured diffraction 
peaks to specific lattice planes and therefore to identify the crystal structure and 
orientation of the sample [88, 89].  
 
 
Figure 7. Scheme of goniometer used for XRD. 
In this thesis, a Rigaku Ultima IV Type 3 diffractometer operating in parallel beam 
geometry is used. Figure 7 shows a scheme of the goniometer geometry with the 
goniometer axes indicated by arrows. Following measurement modes are used: 
 Symmetric ω-2θ scan (θ-2θ scan). Detects lattice planes parallel to the surface of 
the sample by scanning the ω/2θ axis with the diffraction angle 2θ twice the 
incident angle ω. Provides information on crystallinity, lattice constant and out-
of-plane orientation. 
 Rocking curve measurement. Relationship between ω and 2θ axis is set to satisfy 
Bragg’s condition of a chosen reflection while ω is scanned. To keep Bragg’s 
condition always fulfilled, movement of the axes is coupled. Measurement 
provides information on crystallite tilt distribution. 
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 Pole figure measurement. Detects diffraction intensities of a chosen reflection on 
the entire hemisphere above the sample. Therefore, the complete azimuth angle 
ϕ is scanned for each polar angle α between 0° and 90° realized by a specific ω, 
2θ and 2θχ (in-plane axis) configuration. The diffraction intensities for all 
measurement points are finally illustrated in stereographic projection (pole 
figure). Note that ϕ equals β in pole figures shown in the thesis. Measurement 
provides information on crystalline texture. 
 Reciprocal space map (RSM) measurement. Shows projected diffraction 
intensity distribution in reciprocal space providing valuable information on 
shape and position of reciprocal lattice points. Two measurement modes: ω-2θ 
scans at different ω angles or ω scans at different ω-2θ angles. Provides 
information on mosaic spread and stress. 
 
















5° 0.1 mm 0.1 mm 0.1 mm 0.017° 
(Δ2θ) 
Pole figure 2.5° 0.5 mm 5 mm 5 mm 2.5° 
(Δ2θχ) 
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3.4 Transmission electron microscopy 
To investigate structural and compositional properties of the GST thin films with high 
spatial resolution, transmission electron microscopy (TEM) is used. TEM is a local 
technique based on the interaction of an electron beam with the sample upon 
transmission, which requires sufficiently thin samples. In this thesis, the preparation of 
cross-sectional specimens for TEM observations is done by a combination of focused 
gallium high-energy (30 keV and 15 keV) and low-energy (5 keV and 2 keV) ion beam 
milling. Details on this procedure can be found by Lotnyk et al. [90].  
In a TEM, the image forming electrons are typically generated by an electron gun at 
kinetic energies of 80-300 keV. By employing electromagnetic lenses, the electrons are 
guided through the microscope where they finally reach the detector consisting of a 
fluoresence screen or CCD sensor.  
The first electromagnetic lenses the electrons encounter are the condenser lenses which 
focuses the electron beam down to a desired beam size onto the specimen (also switches 
between convergent or parallel electron beam). After the electron beam passes through 
the specimen, it is focused by the objective lens system. The generated image is then 
magnified and focused onto the detector by the projector lens system.  
 
 
Figure 8: Scheme of TEM imaging modes: SAD, bright-field, dark-field and high-
resolution (HR)TEM. Note that in the scheme the dark-field imaging mode is shown for 
a tilted illumination case. Image taken from reference [91]. 
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The TEM offers different modes of operation providing access to different sample 
properties such as crystal structure or chemical composition. Each mode relies on a 
specific selection of electrons to be analysed. The selection of the electrons is realized 
by inserting apertures into the electron path such as the contrast aperture or the selected 
are diffraction (SAD) aperture. In Figure 8, a scheme of different TEM imaging modes 
is shown.  
The most common imaging mode is the bright-field imaging mode. In this mode, the 
image forming electrons are the electrons that are totally transmitted or forward 
scattered by the specimen. Consequently, regions of the specimen which are thicker, 
have higher atomic number or higher density appear darker in the image (note that the 
image is a 2D projection of the sample). Comprehensive descriptions of all TEM 
imaging modes can be found various textbooks [92, 93]  
A fundamental aspect in TEM is the interaction between the electrons and the specimen 
since it ultimately determines the choice of the microscope configuration to achieve a 
certain imaging mode. In Figure 9, a scheme of the interaction between the incident 
electrons and the specimen is shown. The transmitted electrons can be separated into 
elastically and coherently scattered electrons, inelastically and incoherently scattered 
electrons and elastically and incoherently scattered electrons. While the directly 
transmitted or small angle elastically and coherently scattered electrons (Bragg 
scattering) are used in the imaging modes shown in Figure 8, an additional detector can 
be used to collect the high-angle incoherently and elastically scattered electrons 
(Rutherford scattering at the nucleus). This detector is called high angle annular dark-
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Figure 9: Scheme of interaction between incident electrons and specimen. Image taken 
from reference [91].  
The HAADF detector is used in a scanning TEM (STEM), where a highly focused 
electron beam scans the specimen. This allows to obtain images at the atomic scale with 
intensities proportional to the average atomic number. 
Ultimately, the resolution limit of a TEM is limited by the wavelength of the electrons 
(Rayleigh criterion) and should be a few picometers (at 300 keV). However, due to 
imperfections and aberrations in the electromagnetic lenses the resolution limit is 
typically in the nm-range while it is in the angstrom or sub-angstrom range for 
aberration corrected TEMs.  
In this thesis, the GST thin films were studied in a state-of-the-art probe Cs-corrected 
Titan G2 60–300 microscope operating at 300 kV accelerating voltage. The HRTEM 
micrographs are obtained using a Gatan 2k x 2k CCD camera. For HAADF-STEM, a 
probe forming annular aperture of 25 mrad is applied and all images are aquired with a 
HAADF detector (Fischione) using annular ranges of 80–200 mrad. 
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3.5 Reflection high energy electron diffraction 
The growth of the GST thin films is monitored in situ by reflection high energy electron 
diffraction (RHEED). RHEED is a surface sensitive technique providing information on 
crystal structure (lattice spacing), crystal orientation, surface morphology and growth 
rate. It is based on the diffraction of an electron beam at the thin film surface with the 
incoming electron beam at low angle. Analysis of the diffraction pattern allows to 
distinguish between amorphous, polycrystalline and single-crystalline (epitaxial) 
growth. Beyond that, intensity variations/oscillations of the RHEED pattern give rise to 
monolayer formation at the thin film surface. In this thesis, electrons at 30 keV and an 
incidence angle of ~2° with respect to the substrate surface are used. 
3.6 Atomic force microscopy 
Topography imaging is realized by atomic force microscopy (AFM), where a small tip 
(few tens of nanometers tip radius) is raster-scanned across the surface of the sample in 
the so-called intermittent contact mode (tapping mode).  In this mode, the cantilever 
with the tip oscillates at a frequency close to its Eigenfrequency. Being close to the 
surface, the amplitude of the oscillations of the cantilever decreases due to forces such 
as van-der-Waals or electrostatic interactions. These amplitude variations are detected 
by an optical deflection system and processed to generate the topography image. The 
images presented in this thesis are recorded by a Dimension ICON AFM from Bruker 
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3.7 Optical Characterization 
3.7.1 Reflectivity 
The reflectivity of the GST thin films is measured with a Cary 5000 UV-vis-NIR 
spectrophotometer equipped with an Ulbricht sphere in the wavelength region of 400 – 
700 nm using spectralon as a reference. 
3.7.2 Dielectric function 
To determine the dielectric function of the GST thin films, ellipsometric measurements 
are performed using a Woollam RC2-DI ellipsometer to determine the ellipsometric 
angles (Ψ and Δ). The duration of each measurement is 30 seconds for incident angles 
of 65°, 75° and 75°.  
Table 2: Scheme of material system and optical properties used for ellipsometry. 
  optical properties 
LAO  separate measurement 
GST 
 model function  
(see section 2.3.1 and [94]) 
native SiO2   constants from literature [95] 
Si (d = 1 mm)  constants from literature [95] 
 
In Table 2, a scheme of the individual layers of the material system and the approach to 
obtain the optical parameters is shown. The native silicon oxide is included in the model 
in case it is present. In the case of LAO, a separate measurement is performed. By 
fitting the thin film thickness as well as the Tauc-Lorenz and the Drude parameters, the 
ellipsometric angles are calculated that match the experimental data best. From these 
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4 Results and discussion 
4.1 Pulsed laser deposition of epitaxial GST thin films 
The formation of a particular phase and structure during the growth of GST thin films 
depends strongly on the deposition process parameters influencing relevant quantities 
like momentum and kinetic energy of impinging species or diffusivity on the substrate 
surface. Controlling the deposition parameters therefore offers sensible phase 
selectivity, which enables fundamental studies of physical properties of the as-grown 
GST. An example of a key process parameter is the substrate temperature during thin 
film growth. In the case of a substrate at room temperature, the resulting GST thin films 
adopt an amorphous, disordered structure, whereas at elevated temperatures crystalline 
growth is possible. Here, however, the substrate temperature must not necessarily equal 
or exceed the crystallization temperature of the growing material, since techniques like 
sputter deposition or PLD provide particles which deliver kinetic energies of up to 
hundred eV enabling crystalline growth at lower temperatures [96, 97]. Another 
important aspect apart from the temperature of the substrate is its surface structure, 
which affects the diffusion barrier of the adsorbed atoms. In particular, if the surface of 
the substrate is crystalline and has a low lattice mismatch with respect to the GST thin 
film, epitaxial growth becomes feasible. Note that in the special case of Sb2Te3 and 
GeTe/Sb2Te3 based superlattices a tendency of textured growth is also observed on 
amorphous substrates, which could be ascribed to the layered nature of these materials 
[98, 99]. 
Epitaxial GST thin films were grown by MBE on (001) oriented GaSb substrates and 
obeyed a simple cube-on-cube epitaxial relationship [100]. Subsequent studies, 
however, revealed that epitaxial GST thin films grown on (111) oriented substrates 
exhibit superior properties in terms of both surface roughness and crystallinity, which 
can be attributed to a tendency of GST to form (111) oriented layered structures [101, 
102]. Similar results were found for pulsed laser deposited epitaxial GST thin films on 
BaF2(111) at a temperature window ranging between 85°C and 295°C [96]. In addition 
to MBE and PLD methods, the fabrication of biaxially textured GST thin films on 
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freshly cleaved muscovite mica substrates is also possible by DC magnetron sputtering 
[97]. 
A substrate proven to be suitable as well as technologically relevant for the epitaxial 
growth of GST thin films is Si(111) [103, 104]. Although there is a high lattice 
mismatch of more than 10 % between GST and Si, well oriented epitaxial thin films 
with full width at half maximum values of XRD rocking curve measurements of 0.05° 
were demonstrated [103, 105]. Hence, the lattice matching condition can be bypassed, 
which is attributed to a special case of epitaxy, the so called VdW epitaxy [106]. Here, 
only weak interactions between the substrate and the thin films are present and allow the 
growth of highly lattice mismatched epitaxial heterostructures [105]. Figure 10 depicts a 
detailed HAADF-HRSTEM image showing the VdW epitaxy in the case of GST on 
Si(111). Upon closer inspection of the interface, a thin layer of Sb/Te atoms passivating 
Si dangling bonds at the substrate surface can be observed (indicated by red arrows). 
This passivation layer is formed during the initial stages of the deposition followed by 
the emergence of a VdW gap bridging from the passivation layer to the first Te layer of 
the growing GST thin film [105, 107, 108]. Consequently, only weak interactions 
between the substrate and the thin film are present enabling almost strain-free epitaxy.  
 
 
Figure 10 HAADF-HRSTEM image of the interface between the Si(111) substrate and 
the stable trigonal GST thin film. The Sb/Te passivation layer on top of the substrate is 
marked by red arrows. Image extracted from reference [61]. 
Recent advances in the epitaxial growth of GST based thin films on Si(111) by MBE 
and PLD have provided deeper insights into the microstructure evolution in the 
metastable cubic phase of GST induced by a vacancy ordering phenomena. In general, 
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by gradually increasing the substrate temperature during the growth process, the 
crystalline quality of GST thin films can be improved [103]. At the same time, however, 
this leads to the formation of GST with a higher degree of structural order, which 
primarily manifests in VL formation accompanied by a decrease in compositional 
randomness on the cation layers due to a partially ordered stacking sequence [109, 110]. 
By supplying even more energy to the growth process, the stable trigonal phase of GST 
can be grown [32, 65, 68, 111]. Moreover, since there is only a thin line separating the 
formation of different crystalline phases during epitaxy, a mixed growth of stable and 
metastable GST with heterogeneous vacancy structures can occur [31, 68]. 
The formation of regularly spaced VLs in epitaxially grown GST thin films by MBE 
was associated with the occurrence of additional diffraction peaks in XRD ω-2θ 
measurements compared to the expected XRD pattern of cubic GST thin films [104, 
112]. These additional diffraction peaks can be regarded as superstructure reflections 
due to the VL substructure within the (pseudo)cubic lattice. In general, the resulting 
crystal structure becomes closely related to that of the stable trigonal phase of GST, 
which yields to only minor differences in peak positions in corresponding XRD 
patterns. Nevertheless, it is crucial to reliably distinguish between the two phases if the 
vacancy ordering phenomenon within the metastable phase of GST is to be studied 
independently of a structural phase transition to the thermodynamically stable phase. In 
general, it is advantageous to rely on single-phase thin films for basic studies involving 
structure-property correlation or thermal/non-thermal switching investigations in order 
to provide a differentiated evaluation of the results. From these reasons mentioned 
above, the following chapter of this thesis focuses on the control of the crystalline 
structure of GST thin films by epitaxial growth and various post-treatments in order to 
pave the way to fundamental studies on phase-pure thin films. At the beginning of the 
chapter, exemplary in situ RHEED observations during the growth of the epitaxial GST 
thin films are shown and discussed. Then, the topography of the films is examined by 
AFM and SEM and the structure is determined by means of XRD and TEM methods. 
Finally, the chapter is completed by growth studies of epitaxial GST thin films on 
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4.1.1 Initial stages of thin film growth 
The growth process of the GST thin films is monitored in situ by means RHEED 
providing valuable insights, especially in the early stages of deposition. Figure 11 
shows an exemplary evolution of the RHEED pattern during the first four minutes of the 




Figure 11: Temporal evolution of the RHEED pattern during the growth of an epitaxial 
GST thin film on Si(111). The red arrows indicate an emerging streaky diffraction 
pattern which can be associated with the growing GST film. 
Within the first seconds, the initial Si diffraction pattern becomes weaker, indicating an 
increase in the step density at the surface of the substrate due to the deposited GST 
material forming small domains. After 1 minute and 20 seconds, when the estimated 
thin film thickness is roughly 1 nm, an additional streaky diffraction pattern appears 
(red arrows). This streaky pattern becomes even more apparent as the deposition 
progresses. On closer inspection, it can be seen that the streaks appear at slightly shifted 
positions than the spot intensities of the Si diffraction pattern. This shift indicates that 
the streaky diffraction pattern originates from the growing GST thin film since GST has 
a slightly larger in-plane lattice constant than the substrate. Importantly, the streaky 
pattern is evidence for the growth of a highly crystalline, epitaxial thin film with a 
smooth surface. Furthermore, the fluid transition from the Si(111) diffraction pattern to 
the GST pattern reveals, that the epitaxial growth occurs from the very beginning of the 
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deposition. Consequently, by choosing suitable deposition parameters the formation of 
very thin epitaxial layers of GST (consisting of only few monolayers) can be realized. 
These observations therefore exclude the presence of a critical layer thickness (at least 
in the thickness range > 1 nm) for crystalline GST to establish albeit the recently 
proposed metavalent bonding mechanism of GST is assumed to require a certain long-
range order to stabilise [75, 76].  
4.1.2 Thin film topography 
In order to examine the GST thin film topography, AFM is applied. In Figure 12, AFM 
images of an as-deposited epitaxial GST thin film are shown (deposition parameters: 
set-no 4 in Table 3). The measurements reveal a smooth surface with a root-mean-




Figure 12: Exemplary AFM images of epitaxial GST thin films. 
Nevertheless, due to an apparently unavoidable consequence of the ablation process 
used for deposition, larger particles and droplets of GST are also distributed on the thin 
film surface. These undesired fragments can be seen in the scanning electron 
microscopy (SEM) image shown in Figure 13. However, in this thesis, they are not 
considered further since they play a minor role in the following experiments. It should 
be noted that the droplet density can be reduced by an appropriate system design. 
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Figure 13: SEM image of the surface of an exemplary as-deposited GST thin film 
showing droplets on the surface. 
4.1.3 Crystal structure 
As briefly indicated in the introductory section of this chapter, PLD offers many degrees 
of freedom that influence the resulting crystal structure. In order to determine the 
conditions for the growth of a particular phase, often an interplay of several parameters 
must be considered. The growth process for example depends not only on the substrate 
temperature but also strongly on the laser pulse energy, the working pressure, the pulse 
repetition rate and the target-substrate distance. Within the scope of this thesis, multiple 
parameter sets were evaluated, primary focusing on the growth of epitaxial GST thin 
films of high phase purity and crystal quality. In the following section, a total of nine 
different sets of GST thin films prepared on Si(111) substrates by PLD, with some sets 
of films being subject to further treatment in the form of laser irradiation or thermal 
annealing, are discussed (see Table 3). Additionally, amorphous and polycrystalline 
GST thin films are produced for comparison purposes. The results presented in this 
section are also published in reference [32]. In order to analyse the crystalline structure 
as well as the phase composition of the GST thin films, XRD measurements are 
employed. Figure 14 (a) shows symmetrical ω-2θ-XRD patterns of representative films 
of the sets 1-5 of Table 3. The affiliation (set-no.) is indicated by the number on the left 
hand side of the respective XRD pattern. Furthermore, calculated positions of relevant 
reflections based on the lattice parameter reported by Matsunaga et al. and Urban et al. 
are indicated by dashed vertical lines (trigonal phase reflections in black, cubic phase 
reflections in red and Si reflections in purple) [63, 64, 113].  
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Table 3: Overview of the GST thin film preparation methods with respect to the 
deposition parameters and types of post-treatment (RT – room temperature). The laser 
fluence for the PLD was fixed at ~0.7 J cm
-2
. 
Set no. Deposition parameter Post-treatment 
 Substrate 
temperature [°C] 





1 240  3.3 · 10
-5
  HF-etched annealed / 30 min at 220 °C 
2 240  3.3 · 10
-5
  HF-etched as-deposited (not annealed) 
3 220  3.3 · 10
-5
  HF-etched as-deposited (not annealed) 
4 218  2.6 · 10
-4
  HF-etched as-deposited (not annealed) 
5 RT 3.3 · 10
-5
  HF-etched laser annealing 
6 RT 3.3 · 10
-5
  not etched laser annealing 
7 RT 3.3 · 10
-5
  not etched annealed / 30 min at 265 °C 
8 RT 3.3 · 10
-5
  not etched annealed / 30 min at 165 °C 
9 RT 3.3 · 10
-5
  not etched as-deposited (not annealed) 
 
 
Figure 14: (a) ω-2θ XRD diffractograms of an epitaxial t-GST film (black curve), two 
epitaxial GST films consisting of trigonal phase and vo metastable phase each in 
different proportions (green and blue curve), an epitaxial vo-GST film (red curve) and 
an epitaxial c-GST film (orange curve). (b) Detailed evaluation of the ω-2θ scans in the 
vicinity of the c-GST(222) reflection of three GST films presented in (a) (corresponding 
section is marked with black rectangle). 
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To identify the reflections of vacancy ordered (vo) metastable GST, a unit cell with 
following lattice parameters (a = 0.426 nm and c = 5.221 nm) and assuming trigonal 
space group (P -3 m 1) is used (see Figure 2 (b)). The black curve in Figure 14 (a) 
originates from a GST thin film which was deposited at a substrate temperature of 240 
°C and an Ar partial pressure of 3.3 · 10
-5
 mbar (set-no. 1). In addition, the film was 
subsequently annealed for 30 min at 220 °C in the PLD chamber. The XRD pattern 
exhibits apart from the Si(111) reflection pronounced reflections from the thin film 
which are in good agreement with the t-GST(000l) reflections and thus indicate a pure t-
GST phase with an out-of-plane orientation of Si(111)||t-GST(0001). The green ω-2θ-
scan in Figure 14 (a) corresponds to the second set of GST films which were deposited 
at the same parameters as the t-GST thin films, but not annealed after the thin film 
growth. A closer inspection of the vicinity of the t-GST(00010) reflection reveals the 
appearance of another diffraction peak at a slightly smaller angle which is related to the 
c-GST(222) reflection and thus indicates a coexistence of trigonal and cubic GST, 
which is in agreement with previous results reported by Hilmi et al. [68]. By lowering 
the substrate temperature during deposition, the growth of the metastable GST phase is 
preferred, which can be observed in the XRD pattern depicted in blue in Figure 14 (a). 
In this case, the film belongs to the third set of table 1 and was deposited at the same Ar 
partial pressure like the two film sets discussed above but at a decreased substrate 
temperature of 220 °C. In the corresponding diffractogram, no pronounced double peak 
in the vicinity of the c-GST(222) or t-GST(00010) reflection appears, but a slightly 
asymmetrical peak at the position of the c-GST(222) reflection. Furthermore, a shift of 
the diffraction peaks which may appear to resemble the t-GST(000l) reflections is 
recognizable. However, apart from t-GST(000l) reflections, the shifted peaks can be 
associated with vo-GST reflections, considering that in the case of structural relaxation 
of  the vo-GST phase towards the t-GST phase (occurs when the lateral extension of the 
VLs is sufficient), the stacking sequence across the VLs (which become VdW gaps) 
becomes hexagonal which is assumed to cause a change in the out-of-plane diffraction 
intensities due to the associated distortion and shift of the unit cell along the VLs [69]. 
Therefore, the different positions of the additional diffraction peaks can be attributed to 
the differences in superstructure layering between vo-GST and t-GST, respectively (see 
Figure 15). Overall, the crystal structure of vo-GST with ordered VLs is very similar to 
the t-GST structure, including lattice symmetry.  
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As already indicated above, a detailed inspection of the c-GST(222) and t-GST(00010) 
reflection in the XRD pattern enables an evaluation of the separation of the cubic phase 
from the trigonal one. Therefore, in Figure 14 (b), three of the XRD diffractograms 
shown in Figure 14 (a) (set-no. 2-4) are depicted in the vicinity of the mentioned 




Figure 15: Schematics of c-GST, vo-GST and t-GST. Te atoms in yellow, Sb atoms in 
brown and Ge atoms in purple. Stacking of the atoms with respect to the Te layers is 
indicated by capital letters. VLs and VdW gaps are marked by red dashed lines. 
Differences in stacking sequence between vo-GST and t-GST are highlighted by black 
rectangles. 
The green curve in Figure 14 (b) (set-no. 2) shows two close diffraction peaks at 52.50° 
and 53.14°, which are related to the c-GST(222) and the t-GST(00010) reflections, 
respectively, and thus indicate the coexistence of t-GST and vo/c-GST in the thin film. 
This polytypism is underlined by the cumulative fit of two independent Voigt functions, 
the first one situated at 2θ = 52.50° and the second one at 2θ = 53.14°. With decreasing 
the substrate temperature down to 220 °C during the deposition (set-no. 3) the t-
GST(00010) diffraction peak decreases and vo-GST is dominant in the film. However, a 
small contribution of t-GST remains which is the reason for the asymmetry of the c-
GST(222) peak. In a further optimization process towards single vo-GST phase growth 
it was found that by decreasing the substrate temperature to 218 °C and increasing the 
Ar partial pressure to 2.6 · 10
-4
 mbar in order to reduce the kinetic energy of the species 
when they arrive at the substrate, the t-GST(00010) reflection fully disappears and only 
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the GST(222) reflection is observed (set-no. 4). The corresponding extended ω-2θ- scan 
(red curve in Figure 14 (a)) reveals apart from the GST(111) and GST(222) reflections 
(which indicate a fibre texture of the cubic structure) the presence of several additional 
peaks situated at 2θ = 5.41°, 10.22°, 15.03°, 20.21°, 41.10° and 46.47°. As already 
mentioned, these additional peaks can be related to the arrangement of vacancies into 
VLs. This assumption is supported by CrystalDiffract simulations [114] of XRD 
diffractograms of c-GST in which the introduction of VLs results in the appearance of 
superstructure reflections (SRs) whose positions are in good agreement with the 
measured peak positions. Consequently, the PLD experiments can be carried out in such 
a manner, that phase pure vo-GST thin films with periodically spaced VLs can be 
fabricated. The orange curve in Figure 14 (a) corresponds to a GST thin film of set-no. 
5, which was deposited at room temperature (resulting in an amorphous film) and 
subsequently crystallized by laser irradiation. In the diffractogram, no SRs but only the 
GST(111) and GST(222) reflections appear indicating a fibre texture of the c-GST, i.e. 
the laser induced crystallization started at the Si-GST interface with the Si surface as a 
template and proceeded towards the top of the film (native oxide on top of the substrate 
was removed by HF etching prior to deposition). More details on this laser induced 
crystallization mechanism can be found in chapter 4.3 covering the switching behaviour 
of epitaxial thin films. At this point, it should be noted, that the GST(111) and 
GST(222) reflections are found at slightly higher angles than the calculated predicted 
positions [113, 115]. It is assumed that this discrepancy is caused by thermal strains 
which are introduced during the cool-down process due to different thermal expansion 
coefficients of Si and GST [116]. The XRD analyses of the GST films of sets 6-8 (not 
shown here) each revealed a polycrystalline structure, with the films of set 6 and set 8 
consisting of the cubic phase and the films of set 7 consisting of the trigonal phase. The 
films of set 9 were found to be amorphous.  
In order to determine the in-plane relationship between the substrate and the GST thin 
films of set 1-5, XRD pole figures of the c-GST{200} reflections were recorded (Figure 
16 (a-d)) and compared with the theoretically expected pole figure shown in Figure 16 
(e). Since the Bragg angles of the c-GST{200} (situated at 2θ = 29.63°), t-GST{10-13} 
(situated at 2θ = 28.96°) and Si{111} (situated at 2θ = 28.44°) reflections are close to 
each other, the recorded pole figures consist of a superposition of the respective pole 
density maxima (provided the respective phase is present). Therefore, in the calculated 
pole figure, all three sets of pole density maxima are depicted together. 
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Figure 16: In-plane pole figures of the GST{200} reflections of: (a) an as-deposited 
epitaxial GST phase II film with vacancy ordering, (b) a laser crystallized epitaxial GST 
phase I film without vacancy ordering, (c) an as-deposited  epitaxial GST film 
consisting of trigonal phase and phase II and (d) an epitaxial t-GST film. Upon 
measuring a pole figure of the GST{200} reflections, pole figures of the Si{111} and the 
t-GST{10-13} reflections are simultaneously recorded, since the corresponding Bragg 
angles are very close to each other. (e) Calculated pole figures in superposition. 
The pole figures in Figure 16 (a, b) correspond to an as-deposited epitaxial vo-GST film 
of set 4 and a laser crystallized epitaxial c-GST film of set 5, respectively. Both 
measurements clearly show six pronounced c-GST{200} pole density maxima, which 
emphasize the epitaxial relationship of the films by comparing them to the Si{111} pole 
density maxima. The presence of six instead of three c-GST{200} pole density maxima 
further suggests the presence of 180° rotational twin domains. In addition, the absence 
of t-GST{10-13} pole density maxima, which would appear in Figure 16 (a, b) at β 
shifted by 30° relative to the GST{200} maxima, reaffirms that the films are of pure 
phase. In contrast to the measurements presented in Figure 16 (a, b), the pole figure in 
Figure 16 (c) of the GST film deposited at a higher substrate temperature of 240 ° C 
(set-no. 2) exhibits pole density maxima related to cubic as well as trigonal phase and 
therefore reveals the presence of both the cubic and the trigonal phase in the 
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corresponding film. The pole figure shown in Figure 16 (d) shows exclusively pole 
density maxima of the trigonal phase and thus gives evidence of a corresponding t-GST 
film (set-no. 1). The epitaxial relationships between the GST films and the Si substrates 
are:  c-GST(111)||Si(111), c-GST[11-2]||Si[11-2] and      
  t-GST(0001)||Si(111), t-GST[11-20]||Si[11-2]. 
As a next step, the mosaicity of the as-grown epitaxial GST thin films is examined by 
XRD rocking curve (RC) measurements.  
 
Figure 17: XRD ω-2θ and (111) rocking curve measurements of an epitaxial vo-GST 
(red curve) and an epitaxial t-GST (blue curve) thin film (deposition parameters 
according to Table 3). Both films exhibit a FWHM of the rocking curve of ~0.03°. 
Again, the similarity of the XRD patterns of both phases becomes apparent by the 
choice of an overlapping depiction. Besides that, regularly appearing Laue oscillations 
indicate high crystalline qualities as well as small surface roughnesses. The 
corresponding rocking curves both exhibit a FWHM value of ~ 0.03° which indicates 
well oriented crystallites within the as-deposited GST thin films, regardless of whether 
vo-GST or t-GST is grown. 
 
34 Results and discussion 
4.1.4 Local atomic structure 
In order to finally confirm the vacancy arrangements in the as-grown and treated GST 
thin films, HAADF-HRSTEM is applied. Since partially filling of VLs and even phase 
transition to cubic or amorphous GST might occur under the influence of the high-
energetic electron beam, the imaging of the local structure of vo-GST should be done 
with high wariness [67]. In Figure 18 (a, b), HAADF-HRSTEM images of an epitaxial 
vo-GST film (set-no. 4) are presented.  
 
 
Figure 18: (a,b) HAADF-HRSTEM images of an as-grown epitaxial vo-GST thin film 
on a Si(111) substrate. VLs in (b) are indicated by red arrows. (c) Intensity profile of 
(b) perpendicular to VLs. (d) HAADF-HRSTEM image of an epitaxial c-GST film 
prepared by laser irradiation and (e) image of an epitaxial t-GST film with VdW gaps 
marked by red arrows. FFT patterns are shown in the corners of the corresponding 
images. Differences in atomic stacking sequences are indicated by red dashed lines.  
The images reveal the presence of regularly spaced VLs on the {111} planes with an 
average spacing between adjacent VLs of 9 atomic layers. The periodic vacancy 
arrangement can also be observed in the fast Fourier transform (FFT) of the image in 
Figure 18 (a) showing five-fold periodicity between main intensity maxima. Closer 
examination of individual building blocks (Figure 18 (b)) revealed an ABC-type cubic 
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stacking of Te layers which is indicated by the red dashed line. In order to include the 
formation of the VLs in the cubic framework, the c-axis must be extended to include 15 
Te layers (and encloses two VLs), and the resulting structure can be described within 
the trigonal point-group symmetry, similarly to other Ge–Sn–Sb–Te phases [70, 117]. 
Hence, the vacancy-layered GST phase is closely related to the t-GST structure, which 
is to be expected since it represents a transition state between the two better-known 
phases. The growth of the thin film starts with the formation of a Sb-Te passivation 
layer and defects like twins and antiphase boundaries appear. Figure 18 (c) shows an 
intensity profile of Figure 18 (b) perpendicular to the VLs, which are clearly visible by a 
minimum in intensity.  In addition, the profile confirms the presence of 5 Te layers 
between adjacent VLs and reveals that the mixed Ge/Sb layers close to the VLs are Sb-
rich layers. In Figure 18 (d), a HAADF-HRSTEM image of a laser crystallized c-GST 
film (set-no. 6) is presented showing the metastable cubic structure with randomly 
distributed vacancies and epitaxial relationship to the substrate. The FFT of Figure 18 
(d) therefore shows only the main intensity maxima observed in (a). Figure 18 (e) 
depicts an epitaxial t-GST film (set-no. 1) which can be identified by the hexagonal 
stacking sequence across the VdW gaps (indicated by the shift of the red dashed line at 
the VdW gap) and the five-fold periodicity between main intensity maxima in the 
corresponding FFT. In summary, Figure 18 confirms the crystalline structures and the 
vacancy arrangements of the studied GST thin films and demonstrates a detailed control 
of the structure by epitaxy. The obtained insights, especially the identified deposition 
parameters (see Table 3), thus serve as a basis for the preparation of single-phase 
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4.1.5 Epitaxial growth on miscut substrates 
In recent in situ RHEED studies, a layer-by-layer growth mode (Frank-van der Merwe 
mode) has been reported to occur during the epitaxy of GST thin films by PLD [68, 
118]. This growth mode is most likely favoured by a relaxed growth of the thin films 
due to an almost strain-free VdW epitaxy of the GST material on Si(111). As a result, 
the surfaces of the thin films are covered with 2D islands. In contrast, classical hetero-
epitaxy is usually accompanied by a certain strain between the substrate and the 
epitaxial layer due to a certain lattice mismatch which favors the Volmer-Weber or 
Stransky-Krastanov growth mode resulting in energetically favored 3D islands which 
relax the strain. This usually leads to a higher density of defects. The latter two growth 
modes are therefore undesirable when aiming to produce smooth and low-defect density 
layers. Nevertheless, introducing strain into the VdW systems in a controlled manner 
offers possibilities to tune specific material properties and can therefore turn out to be 
beneficial. In particular, strain effects due to the use of vicinal substrate surfaces as well 
as lattice mismatching in heterostructures have recently been discussed [119-123]. 
During the VdW epitaxy of GST, the Sb/Te surfactant atoms passivating the dangling 
bonds of the Si(111) substrate play a key role regarding the growth mode since they 
alter the diffusion barrier of the substrate which influences the diffusion length of 
adatoms [124]. Moreover, the high edge density of surface steps, which represent 
favored exchange or nucleation sites, plays another relevant role since it can lead to a 
special case of layer-by-layer growth called step-flow growth.  
In summary, an advanced control of the epitaxy of GST thin films offers multifold 
engineering possibilities of thin film properties which could ultimately lead to enhanced 
device performances. Therefore, the following section explores the effect of substrate 
surface terraces on the hetero-epitaxial growth. In detail, the impact of the surface step 
density of the substrate on the phase and strain evolution as well as on the resulting 
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Phase selection  
In order to explore the impact of the surface step density, epitaxial GST thin films are 
deposited on substrates with and without a miscut angle of 6° (using identical deposition 
parameters) and finally compared to each other. By using XRD methods, the structure 
and orientation of the as-deposited epitaxial GST thin films are characterized. Figure 19 
(a) depicts a typical ω-2θ pattern of a GST thin film grown on a Si(111) substrate 
without miscut (flat surface). For comparison, Figure 19 (b) shows the XRD pattern of a 
GST thin film deposited at the same parameters but on a substrate with 6° miscut. 
Corresponding in-plane XRD pole figure measurements using the GST{200} reflections 
are depicted in Figure 20 (a) and (c), respectively. 
 
 
Figure 19. XRD ω-2θ patterns of (a) an epitaxial GST thin film deposited on a substrate 
without miscut and (b) an epitaxial GST thin film deposited on a substrate with 6° 
miscut. Differences between metastable vacancy ordered Ge2Sb2Te5 (vo-GST) and t-
GST peak positions are indicated by red dashed lines. φ scans of t-GST{10-13} and c-
GST{200} reflections indicating twinning behavior are shown in the corresponding 
inserts. Here, the ratios (3:1 in (a) and 11:1 in (b)) between the twin crystallite 
orientations are given in the top right corner. 
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Clearly, the XRD results (Figure 19 and Figure 20) reveal high epitaxial quality of the 
thin films, yet a remarkable difference is observed. In the case of a flat substrate used, 
the deposition parameters result in the formation of epitaxial metastable vo-GST, 
whereas the thin film deposited on the substrate with a miscut of 6° grows in the stable 
trigonal phase of GST.  
This difference in phase evolution despite using identical deposition parameters 
becomes most evident in the XRD pattern in Figure 19, where in (a), the peak positions 
of vo-GST and in (b), the peak positions of t-GST reflections can be unambiguously 
identified. Consequently, an additional way to realize phase selectivity is found. 
 
 
Figure 20. In-plane XRD pole figure measurements of the c-GST{200} and t-GST{10-
13} reflections, respectively. Pole figures of the as-deposited epitaxial GST thin films 
deposited on Si substrate without (a) and with (d) miscut. (b, e) corresponding pole 
figures after annealing at 240 °C for 3 hours. (c) Pole figure of the GST thin film 
deposited on the flat substrate after annealing at 240 °C for 7 hours revealing complete 
transformation to t-GST. In case of the thin film deposited on the miscut substrate, 
further annealing does not change phase or orientation.    
According to Figure 20, the in-plane epitaxial relationships of the as-deposited t-GST 
and vo-GST thin films are equivalent and the pole density maxima are situated at the 
same β values with respect to the pole density maxima originating from the substrate. It 
is also important to mention, that the epitaxial in-plane relationship obeyed by the t-
GST structure grown on the miscut substrate has previously not been observed in this 
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thesis. Even with subsequent annealing at 240°C for several hours, the orientation as 
well as the phase of the as-deposited t-GST thin films does not change (see Figure 20 
(e)), whereas in the case of the vo-GST thin film deposited on the substrate without 
miscut, the orientation and the phase changes as the vo-GST slowly transforms into t-
GST (see Figure 20 (b, c)). This transformation becomes apparent by the additional 
appearance of pole density maxima corresponding to t-GST{10-13} reflections as 
previously reported in literature [32, 68]. During this transformation, the preferred 
epitaxial orientation is achieved, as the change in orientation (Figure 20 (a-c)) reduces 
the misfit between the substrate and the epitaxial GST layer from 9.6 % to 4.8 %.  In the 
case the miscut substrate is used, however, the structural rearrangement is constrained. 
Step-flow growth 
Apart from the impact on the phase formation and the epitaxial in-plane relationship, the 
use of a miscut substrate further influences the degree of twinning. In epitaxial GST thin 
films grown on Si(111), the presence of 180° rotational twin domains is regularly 
observed, where one of the crystallite orientations is usually dominant with an intensity 
ratio between the two orientations in the φ scan of about 3:1 [68, 125]. This ratio is also 
valid for the epitaxial vo-GST thin films deposited in this work, which can be seen in 
the φ scan of the GST{200} reflections shown in Figure 19 (a). However, when using a 
miscut substrate, one of the two orientations becomes significantly dominant with an 
intensity ratio of 11:1 (see corresponding φ scan in Figure 19 (b)).  
Consequently, a substantial change in the growth process can be expected when using 
the 6° miscut substrate. In particular, it is assumed, that the regularly spaced step edges 
of the miscut substrate cause a transition from the 2D growth to step-flow growth 
regime, where adatoms first diffuse to the step edges before they nucleate [126]. That in 
turn suppresses twinning which is usually favored by random nucleation of 2D domains 
on the terraces. Further support for the presence of step-flow growth is found by STEM 
studies of the thin GST films as follows. Figure 21 (a-e) shows STEM images of the 
GST thin film deposited on Si(111) substrate with 6° miscut. The images confirm the 
presence of t-GST. Importantly, at the surface of the thin film (see Figure 21 (b, c), 
periodically arranged terraces with a width of around 1 to 5 nm are found. These 
terraces are in good agreement with the terrace structure of the miscut substrate (see 
Figure 21 (d, e)) and therefore indicate that (i) the step-flow growth mode is preserved 
and (ii) the step bunching (usually attributed to growth of larger terraces and an 
increased surface roughness) is suppressed during the whole growth process. 
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Figure 21. (a) HAADF-STEM images of an epitaxial t-GST thin film deposited on 
Si(111) with 6° miscut. GST surface is nanostructured by steps and terraces (b, c) which 
resemble the surface topography of the Si substrate due to the miscut (d, e).  
At this point, it is important to mention, that a prerequisite for step-flow growth is that 
the diffusion length of the adatoms is at least in the range of the terrace width of the 
substrate and that each layer must be completed before the formation of an overlying 
layer begins. Here, the incoming flux F of particles as well as the diffusion constant D 
are crucial quantities. Depending on the laser intensity and repetition rate during the 
PLD process, the flux can adopt a quasi-continuous as well as a pulsed character 
resulting in different regimes of growth leading to different island densities. In the case 
of a continuous flux where the intensity allows the adatoms to unfold their full mobility 
before they form nuclei, the average island density depends on (D/F)
γ
 with γ = 0.17 
[127, 128]. In this work, however, a chopped flux is used, where all adatoms are 
incorporated into the structure before the next pulse of material arrives at the substrate. 
In detail, a pulse repetition rate of 2 Hz was used to deposit a 80 nm thick thin film by 
applying a total amount of 4000 pulses. Accordingly, each pulse results in roughly 0.02 
nm of deposited GST corresponding to an average deposition rate of 0.2 monolayers per 
second. In Figure 22, the temporal evolution of the RHEED specular spot intensity 
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during epitaxial growth of GST thin films on flat Si(111) substrates after application of 
a single deposition pulse at t = 0 s is shown. It can be observed that directly after the 
pulse, the RHEED intensity decreases due to the deposited adatoms first increasing the 
step density on the already deposited GST layers and thus enhancing diffuse scattering 
of electrons. However, during a certain time period the adatoms diffuse to their 




Figure 22. RHEED intensity relaxation upon a single deposition pulse. The pulse is 
applied at t = 0 s (red dashed line). The exponential fit to the data provides a mean 
lifetime τ = 0.48 s of an adatom (y0 = 5717 and A = -1372). 
By exponential fitting of the recovery of the RHEED intensity, the mean lifetime τ = 
0.48 s of an adatom before incorporation into the lattice is obtained. Together with the 
diffusion constant this finally allows to determine the diffusion length of the adatoms 
(𝐿 = √𝐷𝜏 ). In the case of Te diffusion on GST at 600 K, a diffusion length of 10−5 m 
is calculated, which considerably exceeds the terrace width of the miscut Si(111) 
substrate and thus would support step-flow growth. Moreover, assuming a terrace width 
of 5 nm, the lifetime of a Te atom on such a terrace until incorporation would be 
approximately 0.1 μs and hence short enough to exclude multiple deposition on top of 
the still forming layers due to successive pulses [127, 129, 130]. 
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Strained growth 
Interestingly, besides a nanostructured surface, the STEM images further reveal areas of 
disordered GST structure close to the step edges of the substrate. These areas are 
indicated by the orange arrows in Figure 23 (a, b), where the interface between the 
substrate and the thin film can be seen in more detail. According to step-flow growth 
mode, the GST layers start forming at the step edges. When the complete terrace is 
finally covered, a misfit Δd between the GST lattice and the terrace width occurs (see 
scheme Figure 23 (c)). However, in order to align with the layers of the adjacent lower 
terrace, the layers must be compressed or stretched by the overlap Δd, which finally 
leads to strained growth of the thin film. 
 
Figure 23. (a) HAADF-STEM image and (b) Annular bright-field STEM image of the 
interface between the Si(111) substrate with miscut θ = 6° and the GST thin film. 
Disordered regions at substrate steps are indicated by orange arrows. (c) Scheme of 
strain generation at the Si/GST interface. The alignment of the GST lattice results in 
strained terraces. 
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Therefore, in order to investigate the presence of strain in the t-GST thin film grown on 
the miscut substrate XRD reciprocal space maps are recorded. 
 
 
Figure 24. XRD reciprocal space maps in the range of the Si(224) and GST(10-13) 
diffraction peaks of (a) an epitaxial vo-GST thin film deposited on a plane substrate and 
(b) an epitaxial t-GST thin film deposited on a substrate with 6° miscut. Shift oft 
GST(10-13) diffraction peak along Qx indicated by black arrow. 
In Figure 24, reciprocal space maps spanning the GST(10-13) and Si(224) reflections of 
epitaxial GST thin films deposited on Si(111) substrates with and without miscut are 
shown. It is observed that the degree of peak broadening of the GST(10-13) reflections 
attributed to the mosaic spread is approximately the same in both cases. In the case the 
GST thin film is grown on the substrate without miscut (Figure 24 (a)), the thin film is 
relaxed and the reflections are roughly lying on the relaxation line going through the 
origin. However, in the case a miscut substrate is used (Figure 24 (b)), the GST(10-13) 
reflection position is shifted along the Qx direction (parallel to [-1-12] direction) 
towards the position of the Si(224) peak which indicates an in-plane compression of the 
GST lattice. Consequently, the GST thin film is compressively strained due to a misfit 
Δd between the terrace width of the substrate and a multiple of the in-plane lattice 
constant of GST.  
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Overall, an increased surface step density of the substrate causes substantial changes in 
the growth process during the epitaxy of GST thin films, leading to a gain in energy that 
enables the formation of the thermodynamically stable GST phase at conditions where 
the formation of the metastable vo-GST phase is observed. Moreover, twinning is 
suppressed and the in-plane orientation is constrained. Evidence is found that step-flow 
growth is the dominant growth mode leading to a nanostructured film surface. 
Generally, the mismatch between the film unit cell arrangement and the substrate 
surface-step-terrace dimensions will result in an additional strain energy that cannot be 
released via dislocations and will be stored in the hetero-epitaxial films. As the GST 
thin film continues to grow, residual matching-induced strain energy will accumulate in 
the film and can significantly alter its microstructure and thus, its physical and electrical 
properties. 
4.1.6 Conclusion 
In conclusion, with the preparation of the three crystalline phases of GST separately 
from each other, this chapter demonstrates an advance in the synthesis of phase-pure, 
epitaxial GST thin films on Si substrates. Detailed XRD studies of the as-deposited 
GST thin films prepared by PLD, revealed a transition of a mixed growth of the trigonal 
and cubic phases into a single-phase growth of vo-GST at carefully chosen deposition 
parameters. While an increase in substrate temperature favours the formation of the 
stable trigonal phase of GST, an increase in Ar partial pressure counteracts this trend 
with a comparatively more moderate impact. By using advanced transmission electron 
microscopy techniques, the local structure of the GST thin films is confirmed. The 
results are finally complemented by growth studies of epitaxial GST thin films on 
substrates with a miscut, focusing on strain-induced modifications of thin film 
properties. Overall, the results enable fundamental investigations of physical properties 
of GST on the one hand and offer a broad spectrum of engineering possibilities of 
properties on the other hand to ultimately enhance device performances and 
functionalities. Following up, the results will serve as an essential basis to study the 
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4.2 Optical properties of GST thin films 
Optical non-volatile PCMs heavily rely on the optical contrast between different phases 
of the employed phase-change material. For the application, a large and adjustable 
contrast is advantageous. Here, the structural diversity of GST (e.g. different vacancy 
arrangements or compositional ordering of atomic layers) could proof beneficial, since 
the structure strongly affects the resulting optical properties. Controlling the structure 
therefore allows to tune the optical contrast. As a perspective, one could for example 
envision PCMs that solely switch between different crystalline phases of GST and thus 
avoid the energy-consumptive crystalline-amorphous phase transition. The prerequisite 
for this, however, is a distinct property contrast between the utilized storage levels. In 
order to clarify the question on the optical contrast within different phases of GST, 
reflectivity as well as ellipsometric measurements are performed on GST thin films 
which are identified as single-phase films (set-no. 1 and 4-9 Table 3). Additionally, the 
surface roughness of an as-deposited vo-GST and a laser crystallized c-GST film is 
measured by AFM to ensure the comparability of the measurements. Both thin films 
show smooth surfaces with a root-mean-squared roughness below 1 nm. Therefore, 
differences due to surface roughening by laser irradiation are expected to be small. To 
further exclude a dependency of the optical properties on the film thickness, films with 
a thickness larger than 40 nm are used [131].  
4.2.1 Optical reflectivity 
Figure 25 shows the reflectivity of the GST thin films in the wavelength range from 400 
nm to 700 nm. A reflectivity contrast between amorphous GST films and c-GST films 
of up to 19 % (at a wavelength of 400 nm) is obtained. Within the c-GST thin films, the 
differences in reflectivity between epitaxial and polycrystalline thin films are small. A 
reason for the small differences could be different orientation of grain boundaries and 
significant density of defects which result in different light scattering. In contrast, the 
reflectivity of the vacancy ordered epitaxial GST and polycrystalline t-GST thin films is 
noticeably higher compared to the c-GST thin films. The highest optical contrast is 
found for the epitaxial t-GST thin films with a comparably high reflectivity contrast of 
up to 29 % compared to the amorphous film. In Table 4, the obtained reflectivity 
contrasts (with respect to the amorphous phase) and the structural properties of the 
studied GST thin films are shown. 
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Figure 25. Reflectivity of different GST thin films. The affiliation to the respective set of 
deposited films (see Table 3) is indicated by the coloured number. A reflectivity contrast 
of up to 29 % between the amorphous GST film and the epitaxial t-GST film is obtained. 
Within the crystalline phases of GST the optical contrast is up to 13 %. 
Table 4. Structural properties and reflectivity contrasts of single phase GST thin films. 
Set no. Results 
 Phase  Reflectivity contrast 
(at 400 nm wavelength) 
Epitaxial relationships 
1 t-GST epitaxial 29 % GST(0001)||Si(111), 
GST[11-20]||Si[11-2] 
4 vo-GST epitaxial 24.5 % GST(111)||Si(111),  
GST[11-2]||Si[11-2] 
5 c-GST epitaxial 17 % GST(111)||Si(111),  
GST[11-2]||Si[11-2] 
6 / 8 c-GST polycrystalline 16 % / 19 % randomly oriented 
7 t-GST polycrystalline 24.5 % randomly oriented 
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 A comparison within the crystalline phases of GST reveals a viable reflectivity contrast 
of up to 8.5 % between c-GST and vo-GST and a contrast of up to 13 % between c-GST 
and epitaxial t-GST, which could be attributed to different degrees of structural order in 
the respective films due to different arrangements of vacancies. This assumption is 
based on experimental and theoretical studies, which reported electron localization 
effects induced by a disordered vacancy arrangement at the cation sublattice, while the 
electrons in the ordered GST phases are delocalized [28-30, 33]. Accordingly, the 
differences in reflectivity could be attributed to changes in free carrier absorption 
associated with electron localization. 
4.2.2 Dielectric function 
In order to study the changes to the optical properties due to electron localization effects 
in more detail, ellipsometric measurements are performed to obtain the complex 
dielectric function ε = 𝜀1 + 𝑖𝜀2 of the GST thin films. 
 
 
Figure 26: Dielectric function of GST thin films of Table 3 and Figure 25 in the spectral 
range from 0.73 eV up to 5 eV. Figure (a) shows the real and (b) the imaginary part of 
the dielectric function. 
In Figure 26, the real and imaginary parts of the dielectric functions of the GST thin 
films presented in Table 3 are shown (corresponding reflectivity measurements shown 
in Figure 25). Both graphs highlight the distinct differences in optical properties 
between amorphous and crystalline GST. These differences are well known from 
literature, where especially the contrast in the optical dielectric constant 𝜀∞ is discussed, 
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since it is a measure for the electronic polarizability of the material and hence could 
provide useful information on the chemical bonding of the material (see section 2.3.1).  
Figure 26, however, additionally reveals a dependency of the imaginary part of the 
dielectric function on the structure, orientation and vacancy distribution of the 
crystalline phases of GST. It becomes apparent, that - well in line with the results 
presented in Figure 25 - 𝜀2 increases with increasing structural order in the GST thin 
films. This indicates that the free carrier absorption in GST is enhanced in the mid-
infrared range by vacancy ordering, which can most likely be associated with electron 
delocalization effects. 
4.2.3 Conclusion 
Optical measurements on epitaxial, polycrystalline and amorphous GST thin films with 
different degrees of vacancy ordering reveal an optical contrast of up to 13 % between 
the vacancy ordered and disordered crystalline phases of GST and a total contrast of up 
to 29 % between epitaxial trigonal and amorphous GST. While the crystalline – 
amorphous contrast could be ascribed to a fundamental difference in the bonding nature, 
evidence is found, that within the crystalline phases of GST, the differences are linked 
to the degree of structural order influencing the free carrier absorption in the mid-
infrared range. These results therefore offer novel applications of GST in optical data 
storage based on disorder switching in crystalline GST. Furthermore, they serve as an 
important evidence of a t-GST to c-GST transition in the following investigations of this 
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4.3 Switching of epitaxial GST thin films 
Despite the great potential for the use of phase-change materials in information 
technologies, the dynamic properties of these materials during phase transitions are not 
completely understood. Nevertheless, they are of high interest, since they determine 
application-relevant switching performances. Having gained insights into the structure 
and the optical properties of the epitaxial GST thin films in the previous chapters, the 
following chapter of this thesis focuses on structural transitions within these films 
induced by ultrashort laser pulses in order to explore possible switching pathways which 
might represent optimized transitions in terms of property contrast, entropic loss, 
switching time or energy consumption. 
4.3.1 Basic crystalline – amorphous phase transitions 
First, basic crystalline to amorphous phase transitions are studied using single ns-laser 
pulses to provoke the phase transformations in the thin films. As a starting point 
epitaxial GST thin films in the vacancy ordered metastable phase (vo-GST) are 
employed.  
Structural changes 
The induced structural changes upon ns-laser irradiation are first captured by XRD. 
Figure 27 (a) shows ω-2θ patterns of a GST thin film at three different stages of the 
switching procedure: the initial crystalline state (upper pattern), the amorphized state 
(middle pattern) and the recrystallized state (lower pattern). Relevant reflections are 
indicated by vertical dashed lines. 
The upper XRD pattern of Figure 27 (a) confirms, that the as-deposited GST thin films 
are present in the vacancy ordered metastable phase which is characterized by regularly 
spaced VLs and a continuous cubic stacking sequence of atomic layers. Note, that 
although closely related, the vo-GST phase differs clearly from the VdW-bonded stable 
trigonal phase of GST. For more information refer to the previous chapter. Details on 
the texture of the GST thin films are obtained from XRD pole figure measurements. 
Figure 27 (b) depicts an in-plane pole figure of the GST{200} reflection of the as-
deposited GST thin film and points out the previously observed epitaxial relationship 
between the substrate and the vo-GST thin films. Furthermore, the presence of 180° 
rotational twin domains is indicated by the occurrence of 2x3 instead of 1x3 pole 
density maxima in the pole figure. 
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Figure 27: XRD measurements of crystalline – amorphous – crystalline phase 
transitions in an epitaxial GST thin film induced by ns-laser irradiation. In (a), the 
upper XRD pattern originates from the as-deposited vo-GST thin film. The middle 
pattern corresponds to the thin film after applying a single ns-laser pulse at 120 mJ/cm² 
leading to amorphization. The bottom pattern is related to the thin film after 
recrystallization by applying a single ns-laser pulse at 25 mJ/cm². In (b, c), 
corresponding XRD pole figure measurements of the GST{200} reflections are shown. 
By applying a single ns-laser pulse at a fluence of 120 mJ/cm², the epitaxial GST thin 
film is amorphized, which becomes apparent by the corresponding ω-2θ pattern 
showing only substrate contributions. However, that does not necessarily imply that the 
complete short-range order of atoms in the thin film is lost. Instead, a certain short-
range order could be preserved in accordance with various switching models proposing 
residual structural motifs in the amorphous phase (e.g. umbrella flip model by Kolobov 
et al. [82]). 
In the following step, the amorphized GST thin film is recrystallized by applying a 
single ns-laser pulse at a fluence of 25 mJ/cm². The bottom ω-2θ pattern of Figure 27 
(a) corresponds to the recrystallized GST thin film and reveals the formation of the 
metastable cubic phase of GST without vacancy ordering by the appearance of the cubic 
GST(111) and GST(222) reflections. Remarkably, the corresponding XRD pole figure 
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measurement shown in Figure 27 (c) unveils an epitaxial relationship between the 
substrate and the recrystallized c-GST thin film, which is equivalent to the initial 
epitaxial relationship of the as-deposited GST thin film. Consequently, during the 
switching process the initial epitaxial nature of the GST film is restored. The vacancy 
ordering, however, is lost, since the epitaxial GST recrystallizes into the vacancy 
disordered metastable phase. Furthermore, it is found, that a repetition of the switching 
procedure results again in the recrystallization of the epitaxial cubic phase. It is hence 
possible to repeatedly switch between epitaxial and amorphous GST which could offer 
advantages like a larger property contrast and a more precise control of the contrast due 
to the high quality of the epitaxial thin films (compared to switching between 
amorphous and polycrystalline GST).  
 
 
Figure 28: (a, b) HAADF-HRSTEM images of the as-deposited vo-GST thin film. (c) 
corresponding selected area electron diffraction (SAED) pattern roughly showing 5-
fold periodicity of spot intensities confirming the presence of periodically spaced VLs. 
(d, e) HAADF-HRSTEM image and SAED pattern of amorphized thin film, respectively. 
(f, g) HAADF-HRSTEM images of the recrystallized GST thin film showing the epitaxial 
c-GST structure. 
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In order to confirm the XRD results and to further gain insights into the local structure 
of the switched GST thin films, TEM is applied. Figure 28 shows TEM images and 
corresponding diffraction patterns of a GST thin film in the as-deposited (a-c), the 
amorphized (d, e) and the recrystallized (f, g) state. Clearly, the images verify the 
crystalline – amorphous - crystalline phase transition as well as the recovery of the 
epitaxial relationship during recrystallization. However, unrevealed by the XRD 
analysis, Figure 28 (f) additionally shows that besides c-GST, a layer of a-GST has 
formed at the top of the thin film which indicates an incomplete phase transition 
probably due to a slightly too high laser fluence. Nevertheless, the epitaxial switching 
mechanism is unambiguously confirmed and can therefore be considered as a valuable 
feature that could be used to gain fundamental insights as well as improved switching 
performances. 
Influence of substrate 
At this point the question arises how the structural information leading to the formation 
of epitaxial c-GST is retrieved during the recrystallization process. So far, the scarcely 
existing literature on the underlying mechanism of switching epitaxial thin films is not 
conclusive [56, 57, 132]. Therefore, additional experiments are performed to examine if 
the recrystallization process starts at the a-GST/Si(111) interface with the substrate as a 
crystallization template and epitaxially proceeds towards the top of the thin film. In 
detail, amorphous GST thin films of 57 nm and 31 nm thicknesses are deposited on 
Si(111) substrates with crystalline surfaces (native oxide removed). Then, the 57 nm 
thick GST thin film is irradiated with a ns-laser pulse at 17 mJ/cm² fluence, whereas the 
31 nm thick film is irradiated with a laser pulse at 26 mJ/cm². This experimental 
procedure is illustrated in Figure 29.  
 
 
Figure 29: Experimental scheme to clarify the influence of the substrate during ns-laser 
recrystallization 
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The intention of these additional experiments is to compare the crystallization behaviour 
in the case that significant laser intensity reaches the substrate with the case that close to 
the substrate the laser intensity can be neglected, since it is significantly absorbed and 





 [71, 79]. 
 
Figure 30: (a) HRTEM image of an a-GST thin film irradiated with a single ns-laser 
pulse at 17 mJ/cm². Interface between the crystalline and the amorphous region 
indicated by a red dashed line. (b) XRD pole figure of the c-GST{200} reflections 
exhibiting only the pole density maxima contributions from the Si substrate. 
 
Figure 31: (a) HRTEM image of an a-GST thin film irradiated with a single ns-laser 
pulse at 26 mJ/cm². Interface between the crystalline and the amorphous region 
indicated by a red dashed line. (b) XRD pole figure of the c-GST{200} reflections 
exhibiting contributions from both the GST film and the Si substrate. 
Figure 30 (a) shows a cross-sectional TEM image of the 57 nm thick amorphous GST 
thin film irradiated with the low intensity ns-laser pulse at a fluence of 17 mJ/cm². The 
image reveals an irradiation induced crystallization process by the presence of small 
grains which extent from the film surface towards the substrate. However, a small layer 
of a-GST between these grains and the substrate remained. Hence, the crystallites have 
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no direct contact with the substrate. As a result, they are randomly oriented which is 
confirmed by a corresponding pole figure measurement of the GST{200} reflections 
shown in Figure 30 (b). 
In contrast, Figure 31, showing the data of the 31 nm thick GST thin film irradiated at 
26 mJ/cm², reveals an epitaxial relationship between the crystallized c-GST structure 
and the substrate. Here, the grains are in direct contact with the substrates. This is strong 
evidence for a laser induced epitaxial crystallization starting at the substrate.  
Summing up, in the case the relation between laser fluence and the thin film thickness 
leads to a sufficient crystallization temperature at the Si/a-GST interface, an epitaxial 
crystallization process is induced, starting at the substrate and propagating towards the 
thin film surface. It can be further concluded, that this mechanism is also observed in 
the section above (see Figure 27 and Figure 28, respectively). Nevertheless, it should be 
kept in mind that during foregoing quenching, subcritical nuclei could be frozen in the 
amorphous film, which contribute to the restoration of the crystalline structure in a 
supportive manner. 
In conclusion, this section clearly demonstrates, that epitaxial c-GST layers can be 
obtained by laser annealing of amorphous GST on crystalline Si(111) substrates. Hence, 
in this thesis, the epitaxial formation of c-GST is achieved on time scales ranging from 
minutes and hours, as in the case of deposition, down to a few nanoseconds, as in the 
case of ns-laser annealing where ultrafast crystal growth rates are involved.  
4.3.2 Accumulation of laser pulses 
As a next step, it is evaluated if the a-GST/c-GST interface can be shifted epitaxially 
along the cross-section of the thin film by the accumulation of multiple ns-laser pulses. 
That is, whether c-GST also forms epitaxially at an already existing a-GST/c-GST 
boundary. For this purpose, a further switching experiment is conceived. In detail, an 
amorphous GST thin film is deposited on a crystalline Si(111) substrate and crystallized 
by successive single ns-laser pulses in order to incrementally increase the crystalline 
content of the thin film. After each applied laser pulse, XRD ω-2θ patterns are recorded 
and depicted in Figure 32 (a).  
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Figure 32. (a) XRD ω-2θ patterns of the GST thin film after application of successive 
single ns-laser pulses. XRD patterns in the vicinity of the (b) c-GST(111) and (c) c-
GST(222) reflections. 
In general, besides the Si(111) reflection, only the c-GST(111) and c-GST(222) 
reflections occur. Moreover, each laser pulse increases the crystalline volume as can be 
seen by the incremental increase in peak intensity of the c-GST(111) and c-GST(222) 
reflections (see Figure 32 (b, c)). The increase in peak intensity is accompanied by a 
slight shift of the peak positions which can be attributed to thermal strain introduced 
during the cool down process due to different thermal expansion coefficients of GST 
and Si. Importantly, there are no signs of a polycrystalline structure, even after applying 
the 4
th
 switching pulse only c-GST(111) and (222) reflections are detected. Therefore, 
these results verify that the increase in crystalline volume is based on epitaxial crystal 
growth starting at the c-GST/a-GST interface lying within the thin film. Consequently, 
based on the accumulation of multiple laser pulses, different reflectivity and 
conductivity states can be achieved by changing the fraction between amorphous and 
single-crystalline-like GST in the thin film.  
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4.3.3 Crystalline – Crystalline Transitions 
So far, conventional crystalline – amorphous – crystalline phase transitions have been 
studied by applying intense first laser pulses to the initially crystalline GST thin films in 
order to initiate a melt quenching process leading to amorphization. Epitaxial thin films 
could, however, offer the opportunity to follow even small structural changes without 
initiating a complete amorphization. Therefore, ns-laser pulses at moderate laser 
fluences are applied to the epitaxial GST thin films to assess whether even minor 
structural modifications are triggered and, for example, whether a small thermal influx 
could lead to a randomization of the Ge/Sb/Vacancy sublattice in vo-GST (“filling of 
vacancy layers”).  
 
 
Figure 33: (a) XRD ω-2θ pattern of an epitaxial vo-GST thin film before (upper 
pattern) and after (lower pattern) irradiation with a single ns-laser pulse at 15 mJ/cm². 
(b)  HRSTEM image of the irradiated thin film. Remaining VL in the cubic structure is 
indicated by red arrows. 
Figure 33 (a) shows XRD ω-2θ patterns of an epitaxial vo-GST thin film before and 
after ns-laser pulse irradiation at a fluence of 15 mJ/cm². Remarkably, despite the 
comparatively low applied laser fluence, significant changes in the XRD pattern can be 
observed. In particular, a drastic reduction of the superstructure reflections attributed to 
the periodically spaced VLs becomes apparent. However, two pronounced peaks which 
can be associated with c-GST(111) and c-GST(222) reflections remain. This indicates 
that the ns-laser irradiation not necessarily causes an amorphization process but rather a 
transition from one crystalline phase to the other. In detail, the XRD results suggest an 
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intracrystalline phase transition from vo-GST to cubic GST. This modification process 
would have not been revealed, if no particular emphasis would have been put on clearly 
defining the initial vacancy arrangement of the thin films using well-controlled epitaxial 
growth. 
In Figure 33 (b), a cross-sectional HRSTEM image of the epitaxial GST thin film after 
applying the single ns-laser pulse is shown. The image confirms the dominance of c-
GST in the thin film and furthermore reveals a thin amorphous layer at the top of the 
thin film. Besides that, a VL of the initially vacancy ordered structure remained close to 
the Si substrate (indicated by red arrows). This mix of phases probably leads to the 
slightly asymmetric reflections in the corresponding XRD pattern shown at the bottom 
of Figure 33 (a).  
In summary, both, XRD and TEM results imply that the ns-laser irradiation leads to the 
annihilation of the VLs while the overall epitaxial nature remains. The process induced 
might therefore be accomplished by only small movements of Ge/Sb atoms and 
vacancies, respectively. Furthermore, the spatial separation of the GST phases along the 
cross-section of the thin film (a-GST at the top, c-GST in the middle and vo-GST at the 
bottom) could be a hint for a temperature induced transition process based on certain 
threshold values, since the laser irradiation leads to a pronounced temperature gradient 
along the cross-section of the thin film.  Consequently, the high temperature at the top 
of the thin film leads to the formation of a-GST, whereas the lower temperature in the 
middle and at the bottom of the film leads to the observed intracrystalline modification 
(or preservation) of the GST structure. 
Ultimately, it can be concluded that a rapid transition from epitaxial highly vacancy 
ordered to epitaxial vacancy disordered GST is possible. The precise details on the 
underlying mechanism, however, will be subject of the next chapter. Here, the observed 
process is first positioned into a full switching cycle. It is known, that the reverse 
process, i.e. VL formation can be achieved by simple thermal annealing. This finally 
allows to reversibly switch between ordered and disordered epitaxial GST structures. 
This intracrystalline switching cycle is demonstrated in Figure 34. Here, ω-2θ 
measurements at 2θ values in the range of the c-GST(222) and t-GST(00010) reflections 
(51.5° < 2θ < 54°) of an epitaxial GST thin film after treatments involving ns-laser 
irradiation and thermal annealing are illustrated. 
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Figure 34: XRD pattern of the c-GST(222) and t-GST(00010) reflections of an epitaxial 
GST thin film after different steps of thermal treatment involving ns-laser irradiation 
and thermal annealing. 
The measurements reveal that while thermal annealing (at 250 °C for 30 min) causes a 
transition from c-GST to t-GST (black to red XRD pattern), irradiation with ns-laser 
pulses induces the reverse transition from t-GST back to c-GST. In particular, two 
successive ns-laser pulses are applied to gradually switch back to c-GST. After each 
pulse, the XRD pattern is recorded (represented by the blue and green pattern, 
respectively). Figure 34 therefore demonstrates the reversibility of c-GST to t-GST 
phase transformations within an epitaxial framework of the crystal lattice.  
Interestingly, considering that there exists a viable reflectivity and conductivity contrast 
between the crystalline phases, these results could represent a promising switching 
pathway that offers the potential to reduce energy consumption as well as resistance 
drift of PCM devices by completely avoiding the amorphous phase during operation. 
Nevertheless, successful device implementation would still require detailed engineering 
studies on real PCM cells to determine the specific dose of energy (and the 
corresponding timescales) necessary to induce the desired transitions. Besides that, in 
order to make more profound predictions on the relevance of the observations above, a 
deeper understanding of the underlying mechanism should be obtained. Therefore, the 
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following section concentrates on a more detailed interpretation of the single pulse 
induced crystalline to crystalline phase transition. Note that most of the following 
content has also been published in reference [111]. 
4.3.4 Intracrystalline phase transition 
In this section the scenario of a direct phase transition from the thermodynamically 
stable trigonal to the metastable cubic phase of GST induced by ns-laser irradiation is 
investigated. Introductory, the involved structures are briefly recalled and the respective 
relevance for data storage applications is discussed. Then, the switching experiment is 
evaluated in more detail. Finally, results of switching experiments on GeTe/Sb2Te3 
based heterostructures are used to propose a switching mechanism. 
Background 
The stable phase of GST represents a layered distorted structure where the individual 
rocksalt-like building blocks are bonded to each other by weak van-der-Waals (VdW) 
forces [63, 66, 133]. Thus, the layered GST compounds are typically considered two-
dimensionally (2D) bonded layered solids. Recently, however, it was discussed that to 
some extent covalent interactions might be involved in addition to the VdW forces [120, 
134]. In contrast, the metastable GST compounds have a disordered and distorted cubic 
crystal structure and are considered three-dimensionally (3D) bonded materials [67, 
115]. Apart from the crystal structure, another relevant difference between the trigonal 
and cubic phases of GST is the distribution of intrinsic vacancies. While in c-GST 
vacancies are randomly distributed on the cation sublattice of the underlying cubic 
crystal structure, less vacancies are expected within the building blocks of the trigonal 
phase [64]. Recently, a three orders of magnitude change in electrical resistance was 
observed during the transition from the metastable cubic to the stable trigonal phase, 
which is accompanied by an insulator-to-metal transition induced by the ordering of the 
intrinsic vacancies [28, 30, 31]. This remarkable behaviour offers a promising 
alternative to multi-level data storage based on order-disorder transitions within 
exclusively crystalline GST, since the current concept of controlling the ratio between 
amorphous and crystalline GST reaches its limits when the memory cell is scaled down 
to a few nanometers [14, 135]. Consequently, in order to exploit the full potential of 
GST, investigations of basic structural transitions between disordered and ordered 
crystalline phases are of paramount importance. According to the current knowledge, 
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the transition from the metastable cubic phase to the stable trigonal phase is initiated by 
gradual ordering of intrinsic vacancies into VLs within the cubic lattice. The VLs are 
subsequently transformed into VdW gaps accompanied by a change in the atomic 
stacking sequence across the gaps. The transition from trigonal to cubic GST is 
achieved by melting and subsequent ultrafast crystallization of the amorphous phase. 
However, on a very short time scale a direct transition to the cubic structure in 
nanostructured materials induced by electrical pulses was reported [136]. Furthermore, 
it was shown that a direct non-thermal t-GST to c-GST transition can be achieved by 
irradiation with 150 keV Ar+ ions [137, 138]. Moreover, in VdW bonded 
heterostructures consisting of alternating GeTe and Sb2Te3 thin layers the 
intracrystalline interfacial transition based on an inter-layer exchange mechanism is 
possible [10, 139, 140]. Unfortunately, detailed experimental studies on the underlying 
mechanism are still lacking. The GeTe–Sb2Te3-based superlattices (SLs) can be found 
in interfacial PCM (iPCM) which show superior switching characteristics [10, 141].  
In this section, the structural transitions in GST based thin films starting from the 2D 
bonded layered structures are explored. Therefore, in line with section 4.3.3, epitaxially 
grown thin films are employed and irradiated with a single UV ns-laser pulse with 
fluences well below the reported values for uniform amorphization [142-146]. 
Furthermore, the obtained results are compared with the behavior of GeTe/Sb2Te3 based 
SLs after laser irradiation with a single ns-laser pulse.  
Structural changes 
During the irradiation procedure, the structural changes in the GST thin films in large 
volume upon ns-laser irradiation are first studied by XRD. Figure 35 comprises ω-2θ 
patterns and XRD in-plane pole figure measurements of a GST thin film before and 
after laser irradiation. The as-deposited GST thin films are present in the stable trigonal 
phase with an epitaxial relationship to the substrate of t-GST(0001)||Si(111) and t-
GST[11−20]||Si[11−2], as the comparison of the t-GST{10-13} pole figure in Figure 35 
(b) with literature shows [32, 66].   
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Figure 35. (a) ω-2θ XRD pattern of a GST thin film before (blue) and after (red) single 
ns-laser irradiation. GST{10-13} in-plane pole figures of the thin film before (b) and 
after (c) laser irradiation.  β-scans extracted from the in-plane pole figure of the laser 
irradiated thin film at polar angles α = 57° (d) and α = 55° (e). 
The laser irradiation of the as-deposited thin films induces a phase transformation from 
t-GST to c-GST, which is indicated by the appearance of two additional diffraction 
peaks at 2θ = 25.57° and 52.44° in the ω-2θ pattern (red curve in Figure 35 (a)). These 
additional peaks can be attributed to c-GST(111) and c-GST(222) reflections, 
respectively. Moreover, the corresponding pole figure in Figure 35 (c) exhibits six 
additional pole density maxima which are identified as c-GST{200} pole density 
maxima and show an epitaxial relationship between the two phases. In particular, the 
pole density maxima from the cubic phase reveal exactly the same ±6° in-plane 
rotations of crystallites like observed for the trigonal phase [68]. The identical 
orientation of the two phases is underlined by two particular β-scans (azimuthal scans) 
extracted from the pole figure in Figure 35 (c). The first β-scan (Figure 35 (d)) is for a 
polar angle α = 57° which corresponds to the tilt angle of the t-GST{10-13} planes with 
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respect to the t-GST(0001) plane (lying parallel to the film surface). The other scan 
(Figure 35 (c)) is for a polar angle α = 55° which corresponds to the tilt angle of the c-
GST{200} planes with respect to the c-GST(111) plane (lying parallel to the film 
surface). Consequently, the XRD measurements indicate the additional formation of c-
GST in the thin films with the following epitaxial relationship: c-GST(111)||t-
GST(0001), c-GST[1-10]||t-GST[11-20]. The orientation of the c-GST is equivalent to 
that of the as-grown trigonal structure. Deeper insights into the c-GST/t-GST interface 
structure and transformation process upon ns-laser irradiation is deduced from studies at 
the nanoscale by using high-resolution STEM. Figure 36 shows a cross-sectional 
HAADF image of a GST thin film after single ns-pulse laser irradiation.  
 
 
Figure 36. HAADF-STEM image of a laser irradiated GST thin film showing three 
regions of different crystal structure together with the corresponding FFT patterns. 
The image can be divided into three distinct regions (I, II and III). According to the 
corresponding fast Fourier transforms (FFTs), region I reveals an amorphous GST 
phase, whereas regions II and III represent a crystalline structure which is most evident 
in region III in the real-space HAADF image. Here, periodically spaced VdW gaps are 
observed, indicating the initially present t-GST phase. Obviously, the material in region 
III does not significantly change upon the laser irradiation and remains in the crystal 
structure of the as-grown GST thin film. In contrast, the phase in region II, is 
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determined to be cubic GST. Figure 36 thus confirms the XRD results on the transition 
from the trigonal layered phase to the cubic 3D-bonded phase of GST in real space. 
The detailed interface structure between region II and region III is depicted in Figure 
37. Here, the specimen areas are shown before and after the ns-laser pulse irradiation. 
The initial trigonal structure (Figure 37 (a, b)) is characterized by an average amount of 
4 to 5 Te layers between adjacent VdW gaps. This is in agreement with energy 
dispersive X-ray spectroscopy (EDX) measurements revealing a slight Ge deficiency 
[66]. Furthermore, a significant amount of bi-layer stacking faults of different lateral 
extent is identified in the as-deposited thin film. The HAADF images of Figure 37 (c, d) 
show the interface between region II and region III after single pulse laser irradiation 
and confirms the epitaxial relationship between the trigonal and the cubic structure 
found by XRD.  
 
Figure 37. (a, b) HAADF-HRSTEM images of a GST thin film at the interface between 
region II and region III before laser irradiation. Bi-layer defects are marked by orange 
rectangles. (c, d) images of the interface between the region II and III after laser 
irradiation. The interface is marked by red arrows. In (c), an intensity profile across the 
interface is shown in the top right corner. 
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Moreover, the two crystalline structures are separated in the growth direction by only 
one single VdW gap. This clear spatial separation is also clearly discernable in the 
intensity profile of Figure 37 (c). Here, the minimum in intensity at d = 2.8 nm indicates 
the VdW gap, which forms the interface. Furthermore, the intensity profile reveals that 
the cation layers next to the VdW gaps are predominantly occupied by Sb atoms. The 
cubic structure of region II is characterized by randomly distributed Ge and Sb atoms as 
well as vacancies. Here, no traces of the initial VdW bonded structure are found. Thus, 
in region II, a complete transition to the disordered metastable phase of GST occurrs. 
Interestingly, some of the bilayer defects present in the as-deposited thin films can also 
be found at the t-GST/c-GST interface. These bi-layer stacking faults observed both in 
the GST-based VdW bonded systems and GeTe-Sb2Te3-based superlattices play an 
important role in the reconfiguration of VdW gaps within the layered compounds [140, 
147, 148].  
 
Figure 38. HAADF-HRSTEM images of a laser beam irradiated GST thin film at the 
interface between region II (upper part of the images) and region III (lower part of the 
images). (a) Image before e-beam scanning showing a bi-layer defect at the interface 
marked by an orange rectangle. (b) The orange rectangle marks the same area as in (a) 
after e-beam scanning as a scanning window, showing a direct reconfiguration of the 
bi-layer defect. Intensity profiles across the interface at the location of the defect are 
shown before (c) and after (d) e-beam scanning. 
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The bi-layer defects are formed by locally rearranging the stacking sequence across the 
VdW gaps. As a result, individual building blocks with a different amount of Te layers 
are laterally connected to each other. The influence of such a defect on the c-GST/t-
GST interface formation is observed in situ in this work (Figure 38). For this purpose, 
local heating by focused e-beam scanning inside the TEM is used. Figure 38 (a) shows 
the initial state with a bi-layer defect which remained at the interface between the 
trigonal and the cubic structure after laser irradiation. This interface configuration was 
found at different locations within a GST grain of 2.7 μm lateral dimension. The bi-
layer defect can also be observed in the corresponding intensity profile in Figure 38 (c), 
where the irregularity is marked by a red dashed circle. After scanning of the e-beam 
over a scanning window containing the defect (Figure 38 (b)), the defect disappears 
leaving a clear VdW gap behind. This rearrangement is corroborated by the 
corresponding intensity profile across the interface (Figure 38 (d)) which is in 
agreement with the intensity profile of Figure 37 (c). Since the bi-layer defects are 
known to be mobile and increase the flexibility of the system, it is assumed that this 
rearrangement process is essential in forming the uniform VdW gap at the interface 
between region (II) and region (III) which extends laterally over a comparably wide 
range of the thin film [147, 149, 150].  
Mechanism of phase transition 
Fundamental to the observed phase transitions is the spatial and temporal temperature 
distribution within the GST thin film caused by the single ns-laser pulse. Since the 
wavelength of the ns-laser is in the UV spectral region and GST exhibits a high UV-
light absorption, a strong temperature inhomogeneity can be assumed along the cross-
section of the thin film [79]. The highest temperature is expected in region I. Here, 
amorphous GST has formed which strongly indicates a melting and subsequent 
quenching process. Thus, region I (see Figure 36) was heated above the melting point of 
GST. In addition, the cooling rate was sufficiently high to enable amorphization [44]. In 
contrast, region III remained unchanged which unequivocally excludes melting of the 
GST in this region. Consequently, the question arises, whether the cubic phase in region 
II formed via fast crystallization from the molten phase or the phase transition occurred 
via a direct intracrystalline transformation within the t-GST crystal structure by a short 
range movement of atoms. In the first case (crystallization of c-GST from the molten 
phase), the crystallization has to be accomplished in a small temperature window during 
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the cool down process where crystal growth has to be very fast. The highest crystal 
growth velocity reported for GST is approximately in the nm/ns range at a temperature 
of around 700 K and hence sufficiently fast to complete the crystallisation of the c-GST 
phase from the molten phase [17, 47]. In addition, since there is an epitaxial relationship 
between c-GST and t-GST, the crystallization process has to start at the solid/melt 
interface with t-GST as a template for the crystallization and subsequently proceed 
towards the top of the GST thin film. Besides that, melt-quenched amorphous GST is 
known to exhibit faster crystallization compared to as-deposited amorphous GST due to 
higher short-range order, also described as a latent memory of the structure [53]. This 
preservation of the structural order to a certain extent could also be the case in the 
irradiated GST thin film and could play a crucial role in the formation of the epitaxial 
cubic structure. The formation of a 40 nm thick epitaxial c-GST layer by applying a 
single ns-laser pulse, however, is remarkable since crystal growth in GST is known to 
be nucleation dominated which would result in a polycrystalline structure.  
 
Figure 39. (a) HAADF-STEM image of an as-deposited GeTe/Sb2Te3 based SL with 
corresponding RGB phase map to reveal better visibility of individual layers. (b) 
Bright-field TEM micrograph and (d) atomic-resolution HAADF-STEM image of laser 
irradiated GeTe/Sb2Te3 heterostructures. (c) High-resolution HAADF-STEM 
micrograph of the interface between c-GST structure and Sb2Te3 building blocks. Image 
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In contrast, an intracrystalline transition between t-GST and c-GST could be achieved 
by a slight rearrangement of the Te sublattice accompanied by diffusion of Ge/Sb atoms 
into the VdW gaps leaving vacancies behind. This process would also keep the 
fundamental epitaxial relationship intact. However, in the case where the transition is a 
pure thermal process, the observed stability of t-GST in annealing experiments up to the 
melting point would contradict the assumption of an intracrystalline transition below the 
melting point [28]. 
In order to clarify the nature of the phase transformation discussed above, the switching 
process was repeated with a thin film consisting of a GeTe/Sb2Te3 based SL structure. 
Figure 39 shows TEM and STEM images of this SL structure before and after single ns-
laser pulse irradiation. The as-deposited state (Figure 39 (a)) is clearly characterized by 
alternating Ge rich Ge-Sb-Te and Sb2Te3 VdW-bonded building blocks. In contrast, the 
structure of the laser irradiated thin film (Figure 39 (b-d)) changed considerably. 
Analogously to  Figure 36, the cross section can be divided into three distinct regions. 
While the bottom part of the thin film remained in the as-deposited state, the middle and 
top region each underwent a complete intermixing of the individual layers resulting in 
the formation of monolithic GST. This complete intermixing can only be realized by a 
drastic increase in atomic mobility since the individual layers are up to 10 nm thick and 
this strongly indicates the melting of the material. Moreover, the TEM image reveals, 
that the middle region exhibits the disordered cubic structure, while the top region is 
still amorphous. Therefore, in line with the results discussed above, the formation of the 
c-GST phase occurs during the cool-down process starting at the solid-melt interface. 
However, due to the increasing cooling rate towards the top of the thin film, at one 
point, the ultra-fast propagating crystallization front changes into an amorphization 
front continuing towards the top. This transition occurs when the critical cooling rate for 
amorphization is passed. Further evidence for a transient molten phase during the 
observed phase transitions is the formation of the cubic GST phase, because in the case 
of the intracrystalline transition within the SLs the layered structure would be preserved 
and only the VdW gaps would be reconfigured [148].  
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Figure 40. Schematic time-temperature-transformation diagram illustrating cooling 
trajectories in the GST thin film after ns-laser pulse irradiation. Cooling pathway 1 
takes place in region II (middle region) of the thin film leading to the crystallization of 
c-GST, whereas pathway 2 occurs in region I (top region) resulting in the formation of 
amorphous GST.  
In Figure 40, a schematic time-temperature-transformation diagram of the GST thin film 
is depicted which points out the importance of controlling the cooling rate during 
switching of GST since it enables phase selection. The first cooling pathway highlights 
the crystallization process occurring in the middle region of the thin film, whereas the 
second cooling pathway corresponds to the amorphization which is observed in the 
upper region of the film. Hence, a critical cooling rate separating between 
amorphization and crystallization can be ascribed to the interface region between a-GST 
and c-GST. In order to evaluate the influence of the laser fluence on the position of this 
interface, a t-GST thin film was laser irradiated with a lower fluence of 15 mJ/cm². The 
corresponding TEM image can be found in Figure 41. The analysis of the irradiated thin 
film reveals an amorphous top layer of 5 nm and a c-GST middle layer of 20 nm which 
demonstrates the scalability of individual layer thicknesses by adjusting the laser pulse 
energy. It is further assumed that uniform transitions can be achieved by tuning the laser 
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Figure 41. HAADF-STEM images and FFTs of an epitaxial t-GST thin film irradiated 
with 15 mJ/cm².  
4.3.5 Conclusion  
This chapter focuses on the switching behaviour of epitaxial GST thin films. At first, 
conventional crystalline – amorphous – crystalline phase transformations are induced in 
the epitaxial thin films by single ns-laser pulse irradiation. Strikingly, the epitaxial 
nature of the thin films is restored during the ultrafast recrystallization processes. 
Subsequent experiments reveal, that either the Si(111) substrate or already 
recrystallized/remaining planar GST boundaries serve as a crystallization template 
during this recrystallization process. As a consequence, switching between amorphous 
and single-crystalline-like GST is achieved, offering the advantage of a larger and better 
tunable programming window.  
By irradiating the epitaxial thin films with low-fluence single ns-laser pulses phase 
transitions between the VL-bonded or VdW-bonded trigonal and the covalently bonded 
cubic structure of GST are realized. This transformation thus opens up an order-disorder 
switching pathways in epitaxial GST thin films. Beyond that, it is demonstrated, that 
this transition can be in principle designed as a reversible process by proper design of 
the applied energy pulse. 
In order to obtain deeper insights into the transition mechnism, the structural changes in 
GeTe/Sb2Te3 based SLs under single ns-laser pulse irradiation are investigated. It is 
found that complete intermixing between the 2D-bonded layers of the SLs resulted in 
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the subsequent formation of the cubic 3D-bonded GST phase. These results suggest a 
phase transition from the VdW-bonded trigonal to 3D-bonded cubic structure based on 
an ultrafast interfacial crystallization process from a transient molten phase. Detailed 
investigations of the local structure in t-GST thin films before and after laser irradiation 
reveal an atomically sharp epitaxial interface between the two crystalline phases which 
demonstrates the possibility to control the ratio between different crystalline GST 
structures very precisely. Consequently, tuning the laser fluence of the applied single 
ns-laser pulse enables tailoring optical and electrical properties of the GST thin film. 
This shows the great potential of VdW-bonded GST for novel concepts of PCMs. 
Moreover, the findings offer useful insights into the mechanism of solid-melt interface 
formation on ns-timescale. In the following section, this interface-assisted approach is 
combined with time-resolved reflectivity measurements to quantify ultrafast epitaxial 
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4.4 Crystal growth velocity in epitaxial GST thin films  
Central to the use of Ge-Sb-Te based phase-change materials for data storage 
applications is their crystallization capability since it determines memory writing time. 
Despite being intensively studied to identify intrinsic limits and develop strategies to 
enhance memory performance, the crystallization process in these materials is still not 
fully explored. In particular, gaining insights into nucleation and crystal growth 
dynamics on application relevant volumes and timescales is a challenging task. In recent 
studies based on ab initio molecular dynamics simulations and ultrafast differential 
scanning calorimetry DSC a maximum crystal growth velocity of pure Ge-Sb-Te alloys 
lying between 1.5 and 2.8 m/s is predicted [17, 47]. Although there is an acceptable 
agreement between the experimental and simulated values, considerable deviations 
within one determination method are observed, which in the case of theoretical 
calculations can be attributed to finite size effects and in the case of ultrafast DSC to 
varying quality in the thermal contact between sensor and material. 
Complementary, the epitaxial switching approach introduced in the previous chapter 
could provide a so far unexplored access to crystal growth velocities in phase-change 
material thin films based on direct measurements of length and time scales. Therefore, 
the experimental switching setup is advanced by time-resolved reflectivity detection 
(see Figure 6).  This allows to temporally monitor the epitaxial recrystallization of GST 
from the transient molten phase during the cool down process and therefore paves the 
way to quantify ultrafast epitaxial crystal growth rates. Consequently, direct access to 
the crystal growth kinetics in an application relevant scenario is obtained, excluding any 
interference with concomitant nucleation or influence of varying populations of 
subcritical nuclei in the amorphous phase [41, 152, 153]. Beyond that, the relevance of 
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4.4.1 Temporal evolution of reflectivity 
Epitaxial t-GST thin films of 70 nm thickness (see Figure 42) are irradiated with single 




Figure 42. (a) x-ray diffraction ω-2θ-pattern and (b) HRTEM image of an epitaxial t-
GST thin film deposited on a Si(111) substrate. SAED pattern of (c) t-GST and Si 
confirming epitaxial relationship and (d) t-GST and Pt (ring pattern), where 5-fold 
periodicity of spot intensities reveals high structural ordering. 
 
Figure 43 shows the temporal evolution of the reflectivity of an epitaxial t-GST thin 
film upon irradiation with a single ns-laser pulse at fluences varying between 12 and 50 
mJ/cm². In general, the reflectivity first decreases after exposing the thin film to the ns-
laser pulse. This can be attributed to an initiated melting process of GST that fully 
unfolds at the end of the laser pulse at 20 ns where the maximum temperature is 
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reached. The total decrease in reflectivity is determined by the applied laser fluence 
(determining the melting depth), with a threshold fluence of about 12 mJ/cm², which fits 
well with recently reported femtosecond XRD results by Zalden et al. [154].  
Additionally, high UV light absorption of GST results in a strong temperature 
inhomogeneity along the cross-section of the thin film. As a consequence, different 
cooling rates along the cross-section of the thin film are involved in the subsequent cool 
down process of the material causing it to either recrystallize into the metastable cubic 





[49, 155-157]. Accordingly, these solidification characteristics become discernible in 
the further temporal evolution of the reflectivity showing a clear increase in reflectivity. 
The latter can be ascribed to the crystallization of c-GST from the liquid phase during 
the cool down process. However, since c-GST exhibits a lower reflectivity than t-GST 
(see Figure 43 and Figure 25), the initial reflectivity is not fully restored [32]. 
Moreover, a melt-quenched amorphous layer which could also form during the cool 
down process would additionally contribute to a reduced reflectivity. 
 
 
Figure 43. Time dependency of the reflectivity of an epitaxial t-GST thin film upon 
irradiation with a single 20 ns laser pulse at fluences varying between 12 and 50 
mJ/cm². The ns-laser pulse is applied at t = 0 ns (red dashed line). 
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Consequently, the final reflectivity is determined by the layer thickness distribution 
within the evolving three-layer stack consisting of a remaining t-GST, a recrystallized c-
GST and a melt-quenched a-GST layer (details on the actual thickness distribution of 
the three-layer stack are shown in the next section). As a result, by tuning the laser 
fluence and hence the layer thickness distribution in the GST thin film, multiple 
reflectivity states are obtained within a timeframe of only 70 ns. This paves the way for 
ultrafast multilevel data storage based on definite repositioning of planar interfaces 
between distinct layers of single phase (or even single crystalline, as will be shown 
later) GST, promising enhanced precision and scalability compared to the traditional 
paradigm of controlling randomly distributed amorphous and polycrystalline fractions 
of phase-change material. Furthermore, the data encoding process is triggered by only a 
single ns-laser pulse in each case, whereas most methods rely on the accumulation of 
multiple pulses in order to obtain intermediate reflectivity or resistivity levels, which is 
at the expense of time [158-160].  
 
 
Figure 44. Temporal evolution of the reflectivity of an epitaxial t-GST thin film upon 
irradiation with successive single ns-laser pulses at fluences of 35 mJ/cm² and 15 
mJ/cm². Switching between arbitrary intermediate states is demonstrated. 
An important and often ignored aspect for the application is the reversibility of the 
multilevel encoding process ensuring the possibility to directly switch back and forth 
between arbitrary intermediate states. Addressing this task, the epitaxial t-GST thin film 
is irradiated with successive single ns-laser pulses while the reflectivity is monitored. 
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Figure 44 shows the temporal evolution of the reflectivity during this irradiation 
process.  
While the first applied ns-laser pulse of 35 mJ/cm² causes an overall decrease in 
reflectivity and sets an intermediate reflectivity state, the second applied laser pulse of 
lower fluence of 15 mJ/cm² causes an overall increase in reflectivity changing to 
another intermediate state. By repeating the sequences of a high and a low fluence laser 
pulse, further intermediate states are obtained, demonstrating the scalability of the layer 
thickness distribution and hence the flexibility of this approach. A detailed HRSTEM 
image of the GST thin film after application of the fourth laser pulse of 15 mJ/cm² can 




Figure 45. HRTEM image of the epitaxial t-GST thin film after application of four 
successive single ns-laser pulses of fluences of 35, 15, 35 and 15 mJ/cm². An epitaxial 
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4.4.2 Layer thickness distribution 
Besides the notable relevance for application, the presented results provide valuable 
information on the crystal growth dynamics of GST. In detail, by relating the thickness 
of the recrystallizing c-GST layer to the timeframe of the reflectivity recovery, a direct 
access to the crystal growth velocity of GST is governed. Therefore, in order to obtain 
essential information on the distribution of the amorphous and crystalline phases along 
the cross-section of the irradiated GST thin film, electron microscopic cross-sectional 
techniques are applied.  
 
 
Figure 46. TEM images of the irradiated epitaxial t-GST thin film with corresponding 
reflectivity measurement shown in Figure 43. (a) Cross-section HRTEM micrographs of 
the GST thin film after irradiation with varying fluences. (b-e) Detailed HRSTEM 
images of the section irradiated with a single ns-laser pulse of 31 mJ/cm². 
Figure 46 (a) shows cross-sectional TEM images of the GST thin film after irradiation 
with fluences ranging from 22 mJ/cm
2
 to 50 mJ/cm². It is found that the thickness of the 
recrystallized c-GST layer increases with increasing fluence, while the thickness of the 
remaining t-GST layer decreases. Remarkably, in the case of a single ns-laser pulse of 
44 mJ/cm² applied, a complete transition to the c-GST phase occurs, demonstrating an 
optimized match between the laser fluence and the film thickness, whereas for higher 
fluences amorphization in the upper part of the thin film occurs. Exemplary HRSTEM 
images of the GST thin film laser irradiated with 31 mJ/cm² are shown in Figure 46 (b-
e). The images indicate the presence of a very thin disordered layer on top of the thin 
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film, whereas the interface between the Si substrate and the GST thin film is intact and 
epitaxial (indicated by red arrows in Figure 46 (d, e)). Note that these two features are 
found at all irradiated sections of the thin film presented in figure 3 (a). Further detailed 
HRSTEM images can be found in Figure 47. 
 
Figure 47. Selection of HRSTEM images of the epitaxial t-GST thin film shown in 
Figure 46 (corresponding reflectivity measurements shown in Figure 43). The applied 
laser fluences are given in the sub-figures. The interfaces between t-GST and c-GST 
layers are indicated by dashed red lines. 
Importantly, the measurements reveal an epitaxial relationship between the t-GST and 
c-GST layer which confirms that the recrystallization of the c-GST structure is a crystal 
growth dominated process which starts at the t-GST-melt interface and proceeds in an 
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epitaxial nature towards the top of the thin film. Nevertheless, as indicated by ab initio 
molecular dynamics simulations, a supportive element during this recrystallization 
process could be remaining structural fragments of crystalline GST close to the t-GST 
boundary due to incomplete melting, which enables recrystallization with small atomic 
movements [46].  Interestingly, in the case of 44 mJ/cm², no t-GST structure remained 
at all which shifts the focus to the Si(111) substrate. In this case the substrates act as a 
recrystallization template.  However, a corresponding colour rotation image calculated 
from geometrical phase analysis (GPA) (Figure 48 (a)), reveals similar tendencies like 
Figure 46 (b): an adoption of the orientation of typical t-GST (111) twins by the 
recrystallized c-GST structure. This might be a sign, that besides the underlying Si(111) 
substrate also the initial t-GST structure dictates the formation of the c-GST structure. 
This assumption finds further support by the mostly intact interface between the 
substrate and the GST thin film. A possible scenario could be, that at temperatures 
approaching the melting point the Te sub-lattice is only weakly fragmented, whereas the 
mobility of the Ge/Sb atoms is already strongly increased, leading to an enhanced 
recrystallization into the cubic structure upon subsequent fast cooling compared to 
starting from a completely liquid phase [109, 150]. 
 
Figure 48. GPA rotation image of epitaxial t-GST thin film irradiated with single ns-
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4.4.3 Crystal growth velocity 
By relating the travelled path of the recrystallization front of c-GST to the recovery time 
of the reflectivity extracted from Figure 44, the average crystal growth velocity of c-
GST along the (111) direction can be obtained. It should be noted that during the 
reflectivity measurements a small part of scattered light from the intense UV pump 
pulse is additionally detected by the photodiode. For higher fluences, this overlap with 
the probe signal becomes noticeable by a weaker decrease in reflectivity starting at 
about t = 17 ns due to the impact of the falling edge of the pump pulse. However, the 
ending point of the recrystallization process can be clearly identified in Figure 44, 
except for irradiation with 50 mJ/cm², where a ~20 nm thick amorphous GST top layer 
prevents the detection of the crystallization front by the probe laser due to the limited 
penetration depth of the laser light. This observation is used to estimate the detection 
depth of the pump-probe setup to ≤ 20 nm. The starting point of recrystallization is 
expected to be at the end of the laser pulse at t = 20 ns where the material immediately 
starts to cool down and the solid-melt interface being at 900 K starts to move towards 
the top of the thin film.  
 
 
Figure 49. (a) time-resolved reflectivity and (b) HRSTEM results on single ns-laser 
pulse irradiation of a 50 nm thick epitaxial t-GST thin film. The thickness of the 
recrystallized c-GST layer is 20 nm. Considering a delay time of ~4 ns after the 20 ns 
long laser pulse for crystallization to start, a crystal growth velocity of 1.4 m/s is 
calculated. 
In Figure 44, however, the minimum in reflectivity for the irradiation fluence of 22 
mJ/cm² is at about 24 ns, although the melting depth of ~15 nm is below the estimated 
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detection depth of the pump-probe setup, which indicates a delay time of approximately 
4 ns for the onset of crystallization. This delay time is also repeatedly observed during 
measurements on epitaxial t-GST thin films of 50 nm thickness (see Figure 49) and 
could be attributed to an instability of forming crystalline nuclei at temperatures still 
close to the melting point.  
Again considering a delay time of 4 ns for the onset of crystallization, the crystal growth 
velocities for different laser fluences are calculated and plotted in Figure 50.  
 
 
Figure 50. Crystal growth velocities vg in dependency of applied laser fluences F as 
well as exponential fit to the data. 
Obviously, the crystal growth velocity increases with increasing fluence from ~0.4 m/s 
for 18 mJ/cm² up to ~1.7 m/s for 44 mJ/cm², whereas at higher fluences saturation is 
observed. This saturation can be expected, considering that for higher fluences an 
increased part of the thin film is transformed without initiating an amorphization during 
the cool down process. In contrast, by further increasing the fluence up to 50 mJ/cm², 
amorphization due to a comparatively higher cooling rate is observed. Accordingly, in 
the case of 44 mJ/cm², where the complete GST thin film is transformed, the 
solidification of GST takes place at the highest possible cooling rate allowing 
crystallization but preventing undercooling. Hence, the highest detectable crystal 
growth velocity of the employed epitaxial GST thin film model system is 1.7 m/s, 
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which is well in line with the value theoretically predicted (~1.5 m/s at 700 K) recently 
by Ronneberger et al. [47]. Nevertheless, considering that the obtained crystal growth 
velocities in the present study represent an average value covering the entire cross-
section of the thin film, peak velocities exceeding 2 m/s can be assumed. Thus, the 
obtained values also seem plausible with regard to the growth velocities obtained by 
ultrafast DSC by Orava et al., ranging up to around 2.8 m/s [17]. In contrast, 
experimental studies capturing crystallization rates of melt-quenched GST in 
application relevant scenarios mostly report lower maximum growth rates in the range 
of 1 m/s [15, 16, 45]. Similar values are also reported in earlier theoretical works by 
Ronneberger et al. and Kalikka et al. [40, 48].  
In the present work, a substantial difference compared to the above-mentioned 
experimental studies is the use of epitaxial GST which enables the directed 
recrystallization of the c-GST structure along its [111] direction, where a planar 
boundary of either [0001] oriented t-GST or [111] oriented Si serves as a 
recrystallization template. Hence, the slightly increased crystal growth speed found in 
this work could be due to the high initial crystalline quality and the reduced crystal 
growth activation energy resulting from the epitaxial recrystallization mechanism. It 
should also be mentioned, that besides different thermal responses of the GST thin film 
to ns-laser heating, also the impact of size effects on the viscosity could become crucial 
during the solidification process, which could lead to reduced crystal growth kinetics in 
case of only a very thin layer of GST being transformed [161]. Interestingly, 
considering all induced recrystallization processes (Figure 50), a clear exponential 
dependency of the crystal growth velocity on the laser fluence is found which could be 
relevant from an applicative point of view as well as beneficial for planning 
comprehensive material studies based on the used method.  
In summary, decisive for the formation of an ultrafast propagating crystallization front 
lying parallel to the substrate and travelling towards the surface of the thin film is the 
strong temperature gradient induced by the irradiation with a single UV ns-laser pulse. 
A homogeneous temperature distribution in contrast would result in a simultaneous 
liquid-solid phase transition throughout the thin film and a polycrystalline structure 
could be expected. Nevertheless, in both cases, a prerequisite for crystallization to occur 
is that the critical cooling rate for amorphization during the solidification process is not 
exceeded. Here, an important influence on the cooling rates has the applied laser fluence 
and the resulting melting depth, which determines the heat extraction towards the 
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substrate (see scheme embedded in Figure 50). Hence, by varying the laser fluence, 
different cooling scenarios are realized, resulting in different solidification rates. This 
correlation allows to determine the crystal growth rate at the maximum cooling rate at 
which a liquid-crystalline phase transition takes place. According to literature, this 
maximum cooling rate is in the range of several hundreds of K/ns [41, 43, 53].  
4.4.4 Conclusion 
In conclusion, crystal growth dynamics in epitaxial t-GST thin films induced by single 
ns-laser pulse irradiation are studied. By combining time resolved reflectivity 
measurements with HRSTEM, the ns-laser induced structural transitions are temporally 
and spatially resolved. It is found, that due to laser heating, the thin films partially melt, 
followed by epitaxial recrystallization into the cubic phase of GST during the 
subsequent cool down process. This results in the formation of multiple reflectivity 
states based on the relocation of planar interfaces between single-phase layers of GST, 
offering a novel approach to multilevel data storage in PCM. By extracting the durations 
for the growth of the recrystallized cubic GST layers as well as the corresponding 
thicknesses, the crystal growth velocities are determined, showing an increase with 
increasing laser fluence from 0.4 m/s up to saturation at 1.7 m/s. The latter represents 
the upper limit of the employed epitaxial GST thin film model system when 
amorphization is to be avoided.  
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5 Summary  
This thesis focuses on structural, optical and dynamical properties of the phase-change 
alloy GST having non-volatile data storage in view. It can be divided into two major 
parts. On the one hand, the thesis contributes fundamentally to the clarification of the 
impact of structural vacancies on the optical properties and on the other hand, it 
quantitatively evaluates ultrafast epitaxial crystal growth processes in application-
relevant scenarios. Both parts are closely linked, whereby the insights obtained from the 
first part are essential for the interpretation of the results from the second part.  
By refining the pulsed laser deposition of epitaxial GST thin films on Si(111), precise 
control of the vacancy distribution and the phase of the fabricated thin films is obtained, 
while the optimization of the growth process is conducted using in situ RHEED and ex 
situ XRD, AFM and TEM methods. As a result, distinct growth windows for both, the 
highly vacancy-ordered stable and metastable crystalline phases of GST are identified. 
In addition, vacancy-disordered crystalline GST is obtained by ns-laser post treatment. 
These results are finally complemented by growth studies of epitaxial GST thin films on 
substrates with a miscut, revealing strain-induced modification possibilities of thin film 
properties. 
Based on the achieved single-phase quality of the epitaxial GST thin films, a 
classification of the optical property contrast with respect to the phase, vacancy 
distribution and texture is presented using UV-Vis-NIR spectroscopy and ellipsometry. 
Distinct differences in optical properties within the crystalline phases of GST are found 
that are most likely related to electron localization effects due to vacancy disorder 
influencing the free carrier absorption in the mid-infrared range. Representing a vital 
contrast in reflectivity for application, these differences in optical properties are further 
exploited in this thesis to detect ultrafast crystal – crystal transitions. 
Having gained an understanding of the structure and the optical properties of the 
epitaxial GST thin films, optical switching properties are studied, first focusing on 
conventional crystalline – amorphous – crystalline phase transformations induced by 
single ns-laser pulse irradiation. Remarkably, although GST is known to possess a 
nucleation dominated crystallization process (which would result in a polycrystalline 
structure), the epitaxial nature of the GST thin films is preserved throughout the 
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switching cycle. Subsequent experiments reveal, that either the underlying Si(111) 
substrate or an already recrystallized planar GST boundary serve as a crystallization 
template during the recrystallization. As a consequence, switching between amorphous 
and single-crystalline-like GST is achieved, offering the advantage of a larger and better 
tuneable programming window. 
By irradiating the epitaxial GST thin films with low-fluence single ns-laser pulses phase 
transitions between the VL-bonded or VdW-bonded trigonal and the covalently bonded 
cubic epitaxial structure of GST are realized. Hence, these findings suggest the 
occurrence of intracrystalline phase transitions realized by short range movement of 
atoms. However, equivalent switching experiments on GeTe/Sb2Te3 based SLs reveal a 
complete intermixing between the individual VdW-bonded layers and hence strengthen 
the assumption that the phase transitions occur via a transient molten phase. In detail, 
the formation of the recrystallized cubic GST structure is realized by the epitaxial 
propagation of a planar crystallization front dividing between solid and liquid phase. 
This solidification front travels horizontally aligned from the bottom to the top of the 
thin film during the cool down process, where the applied laser fluence determines the 
cooling rate and thus the speed of propagation. Once a critical cooling rate is exceeded 
amorphization occurs. 
On the one hand this interface-assisted epitaxial switching mechanism represents an 
order-disorder switching pathway in epitaxial GST thin films featuring a metal-
insulator-transition and on the other hand it provides access to ultrafast epitaxial crystal 
growth dynamics and solid-melt interface formation.  
In order to investigate the latter more closely, in situ time resolved reflectivity 
measurements during switching are combined with ex situ high resolution scanning 
transmission electron microscopy to temporally and spatially resolve the ns-laser 
induced structural modifications. This provides access to crystal growth rates of 
epitaxial layers of cubic GST along the [111] direction upon formation from the liquid 
phase, excluding any influence of grain boundaries or varying populations of subcritical 
nuclei in the amorphous phase. It is found, that the crystal growth velocities increase 
with increasing laser fluence from 0.4 m/s up to saturation at 1.7 m/s. The latter 
represents the upper limit of the employed epitaxial GST thin film model system when 
amorphization is to be avoided. Overall, the presented results shed light onto the crystal 
growth capabilities of GST and beyond that, introduce a concept to reversible multilevel 
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data encoding induced by single ns-laser pulses. It is assumed that, under further 
optimization, the high potential of the introduced epitaxial thin film based approach will 
allow an exact control of specific structural transitions in order to ultimately develop a 
systematic understanding between kinetic properties and local structure of a broad 
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